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ABSTRACT 

The occurrence  of  g r a p h i t e  as a common a c c e s s o r y  m i n e r a l  i n  m e t e o r i t e s  

and i n  t e r r e s t r i a l  metamorphic and igneous r o c k s  g i v e s  p a r t i c u l a r  importance . 
t o  t h e  s t u d y  of e q u i l i b r i u m  between g r a p h i t e  and a c o e x i s t i n g  g a s  phase.  

Using a s i m p l i f i e d  model i n  which T,  P '  
8 (1 - t  - 

, and f o  a re  i n d e p e n d e n t l y  s p e c i f i e d  
g a s  2 

and P i n  a g a s  
m4 f o r  t h e  system C-H-0, v a l u e s  of P c 0 2 '  ' C O Y  'H20' 'H2' 

phase i n  e q u i l i b r i u m  wi th  g r a p h i t e  have been c a l c u l a t e d  f o r  a wide range  of 

g e o l o g i c a l l y  p o s s i b l e  c o n d i t i o n s  by use o f  a high-speed computer. The 

numerical  r e s u l t s  suppor t  t h e  fo l lowing  g e n e r a l  c o n c l u s i o n s :  (1) The 

assumption t h a t  P - + P i s  s i g n i f i c a n t l y  i n  e r r o r  f o r  many 
g a s  - ' H ~ O  C02 

g r a p h i t e - b e a r i n g  minera l  assemblages.  ( 2 )  Methane, CH4, may be a s i g n i f i c a n t  

t o  dominant c o n s t i t u e n t  of t h e  g a s  phase i n  many p o s s i b l e  g e o l o g i c a l  envi ron-  

ments  i n v o l v i n g  moderate  r e d u c t i o n ;  i n  p a r t i c u l a r ,  t h e  o c c u r r e n c e  of g r a p h i t e  

w i t h  reduced m i n e r a l s  such as f a y a l i t e ,  wtlstite, and i r o n  i s  i n d i c a t i v e  of 

a methane- r ich  g a s  phase.  ( 3 )  Under metamorphic c o n d i t i o n s ,  p u r e  water i s  

n o t  s t a b l e  w i t h  g r a p h i t e , ,  b u t  g r a p h i t e  can c o e x i s t  w i t h  a g a s  phase r i c h  

i n  C 0 2 .  (4) O r i g i n a l  g r a p h i t e  i n  a sediment w i l l  s t a b i l i z e  i n c r e a s i n g l y  

reduced minera l  assemblages d u r i n g  p r o g r e s s i v e  thermal  metamorphism. (5)  

The presence  o r  absence of even small amounts of g r a p h i t e  can  e x p l a i n  P 

g r a d i e n t s  observed o v e r  s h o r t  d i s t a n c e s  o r  between a d j a c e n t  l a y e r s  i n  
O2 

metamorphic rocks .  ( 6 )  I t  i s  p o s s i b l e  t h a t  t h e  t e r r e s t r i a l  atmosphere 

c o u l d  have evolved by convers ion  of  o r i g i n a l  methane t o  water  and a3 by 2 

r e a c t i o n  w i t h  g r a p h i t e  and o t h e r  a c c e s s o r y  m i n e r a l s  w i t h i n  t h e  p r i m o r d i a l  e a r t h  

a t  t e m p e r a t u r e s  of 600' t o  1000°C.  M a t e r i a l  r e q u i r e m e n t s  f o r  such  convers ion  

are  n o t  u n r e a s o n a b l e ,  and t h e  process  i t s e l f  i s  c o n s i s t e n t  w i t h  many proposed 

models  f o r  t h e  o r i g i n  of t h e  e a r t h .  
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I 

Symbols 

I &  T Temperature i n  d e g r e e s  Kelv in .  

I P T o t a l  p r e s s u r e  of a g a s  phase .  
g a s  

P a r t i a l  p r e s s u r e  of  component i i n  t h e  g a s  phase.  

Fugac i ty  of component i i n  t h e  g a s  phase.  

F u g a c i t y  c o e f f i c i e n t  o f  component i i n  t h e  g a s  phase ,  d e f i n e d  by 

'i - 
f i  - 
"i - 

vi = fi/Pi. 

0 Equi l ibr ium c o n s t a n t  of t h e  i t h  r e a c t i o n ,  d e f i n e d  by AG = -RT I n  Ki .  Ki - 
A f u n c t i o n  of  T o n l y  when w r i t t e n  u s i n g  f u g a c i t i e s  of v o l a t i l e  

components . 
l o g  N Logarithm of N t o  t h e  b a s e  10. 

I n  N Logarithm of N t o  t h e  b a s e  e. - 



A b b r e v i a t i o n s  f o r  s o l i d  phases  

I H h e m a t i t e  

M m a g n e t i t e  

W wllstite 

I i r o n  

N n i c k e l  

NO n i c k e l  ox ide  
(bun sen  i t e 1 

Q q u a r t z  

F f a y a l i t e  

I Gr g r a p h i t e  

Fe203 

Fe304 

N i  

N io 

S i 0 2  

Fe2Si0 4 

C 

A b b r e v i a t i o n s  f o r  s o l i d - p h a s e  oxygen b u f f e r  assemblages  (Eugs te r  and Wones, 
(1962) .  

HM h e m a t i t e  + m a g n e t i t e  "0 n i c k e l  + b u n s e n i t e  

MW m a g n e t i t e  + wlistite QEM q u a r t z  + f a y a l i t e  + m a g n e t i t e  

W I  wlistite + i r o n  QFI q u a r t z  + f a y a l i t e  + i r o n  

M I  m a g n e t i t e  + i r o n  
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INTRODUCTION 

The system C-H-O i s  of extreme importance i n  c o n s i d e r a t i o n  o f  any 

fundamental  problems concern ing  t h e  o r i g i n  and development of t h e  e a r t h  

and t h e  s o l a r  system. P a r t  of t h e  importance i s  due  t o  t h e  f a c t  t h a t  

t h e  t h r e e  e l emen t s  t o g e t h e r  comprise about  6 3  p e r  c e n t  by weight  of t h e  

matter *in t h e  u n i v e r s e  (Al l en ,  1963,  p .  30-33) ,  of which a lmos t  a l l  i s  

hydrogen. I f  t h g  i n e r t  g a s e s  hel ium and argon are exc luded ,  t h e n  c a r b o n ,  

hydrogen ,  and oxygen make up about  99 p e r  c e n t .  I n  a d d i t i o n ,  t h e  system 

c o n t a i n s  such b i o l o g i c a l l y  impor tan t  compounds as water, oxygen,  and 

carbon d i o x i d e ,  which are of prime importance i n  s p e c u l a t i o n s  about  t h e  

o r i g i n  of t h e  t e r res t r ia l  oceans  and atmosphere and t h e  o r i g i n  o f  l i f e .  

C a l c u l a t i o n s  of e q u i l i b r i u m  i n  t h e  system C-H-0 are compl ica ted  by 

t h e  large number of o r g a n i c  and i n o r g a n i c  compounds which t h e  system 

c o n t a i n s ;  high-speed computers  have r e c e n t l y  been employed t o  s o l v e  t h e  

numerous e q u i l i b r i a  i nvo lved .  I n  p rev ious  s t u d i e s ,  t h e  e l emen ta l  composi t ion  

of t h e  system h a s  been a r b i t r a r i l y  s p e c i f i e d  i n  o r d e r  t o  supply  s u f f i c i e n t  

c o n s t r a i n t s  f o r  s o l u t i o n  of t h e  e q u a t i o n s  a p p l i e d  t o  a s i n g l e  i d e a l  f l u i d  

phase .  Suess  (1962) h a s  p r e s e n t e d  c a l c u l a t i o n s  i n v o l v i n g  o n l y  t h e  compounds 

H20, H 2 ,  GO2, 03 ,  and CH4, c a l c u l a t i n g  p a r t i a l  p r e s s u r e s  as f u n c t i o n s  of 

t h e  composi t ion  of t h e  system. 

e l e m e n t a l  components (Dayhoff e t  a l . ,  1964) produced a d d i t i o n a l  e q u i l i b r i u m  

c o n c e n t r a t i o n s  f o r  a number of o r g a n i c  compounds of b i o l o g i c a l  impor tance .  

A more g e n e r a l  c a l c u l a t i o n  i n v o l v i n g  a d d i t i o n a l  

Such c a l c u l a t i o n s ,  i n  which t o t a l  composi t ion  of t h e  system i s  i n i t i a l l y  

s p e c i f i e d ,  y i e l d  c o n s i d e r a b l e  i n f o r m a t i o n ,  bu t  t h e  d a t a  are n o t  d i r e c t l y  

a p p l i c a b l e  t o  a number of important  g e o l o g i c a l  problems. I n  g e o l o g i c a l  

v 
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p r o c e s s e s  such a s  t h e  metamorphisn of sed iments ,  it i s  n o t  g e n e r a l l y  p o s s i b l e  

t o  s p e c i f y  t h e  t o t a l  composi t ion of t h e  system o r  t o  assume t h a t  t h e  com- 

p o s i t i o n  has remained c o n s t a n t .  Commonly, t h e  composi t ion of t h e  system 

w i l l  change d u r i n g  such p r o c e s s e s  by g a i n  o r  l o s s  of b o t h  v o l a t i l e  and 

i n v o l a t i l e  components. Thus,  t h e  chemical  p o t e n t i a l s  o f  t h e  components 

become more important  t h a n  t h e  o r i g i n a l  composi t ions  i n  d e f i n i n g  t h e  behavior  

of t h e  system a t  any g iven  t i m e  (Thompson, 1955; K o r z h i n s k i i ,  1959;  

Zen, 1963) .  

F u r t h e r ,  i n  g e o l o g i c a l  i n v e s t i g a t i o n s ,  it i s  g e n e r a l l y  i m p o s s i b l e  t o  

o b t a i n  a sample of t h e  o r i g i n a l  f l u i d  phase .  One i s  t h u s  compelled t o  s t u d y  

t h e  composi t ions  of  t h e  s o l i d  minera ls  i n  o r d e r  t o  e s t i m a t e  t h e  n a t u r e  of  

t h e  f l u i d  phase w i t h  which t h e y  were e q u i l i b r a t e d  . 
The p r e s e n t  s t u d y  c o n s i d e r s  e q u i l i b r i u m  between g r a p h i t e  and a g a s  

phase i n  t h e  system C-H-0 over  a range  of g e o l o g i c a l l y  r e a s o n a b l e  t e m p e r a t u r e s  

and g a s  p r e s s u r e s .  It i s  an e x t e n s i o n  of work c a r r i e d  o u t  on t h e  system 

C-0 (French and Eugs te r ,  1 9 6 5 ) ,  which c o n s i d e r e d  t h e  e f f e c t  of g r z p h i t e  on 

i n  g e o l o g i c a l  assemblages.  The p r e s e n t  s t u d y  c o n s i s t s  of  t h r e e  s t a g e s .  
po2 
F i r s t ,  composi t ions  of t h e  g a s  phase  i n  e q u i l i b r i u m  w i t h  g r a p h i t e  are 

c a l c u l a t e d  by use  of a high-speed computer.  Second,  independent  e s t i m a t i o n  

of Po 

estimate t h e  composition of  t h e  c o e x i s t i n g  g a s  phase.  F i n a l l y ,  t h e  d a t a  a r e  

a p p l i e d  t o  a s i m p l i f i e d  model i n  o r d e r  t o  s u g g e s t  a p o s s i b l e  method f o r  

e v o l u t i o n  of t h e  t e r r e s t r i a l  atmosphere.  

f o r  assemblages of i r o n - b e a r i n g  m i n e r a l s  i s  a p p l i e d  t o  t h e  d a t a  t o  
2 

~ 

I 
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I 
THEORETICAL CONSTRAINTS ON THE EQUILIBRIUM CALCULATIONS 

The c a l c u l a t i o n s  d e s c r i b e d  he re  have been ob ta ined  from a model which 
,.. t 

i n c o r p o r a t e s  t h e  f o l l o w i n g  assumpt ions :  (1) t h a t  con t inuous  e q u i l i b r i u m  i s  

e s t a b l i s h e d  between c r y s t a l l i n e  g r a p h i t e  and a g a s  phase  whose composi t ion  

l i e s  i n  t h e  system C-H-0; (2) t h a t  t he  s i g n i f i c a n t  s p e c i e s  i n  t h e  g a s  phase  

are o02,  03, H 2 0 ,  H 2 ,  CH4, and 02; e q u i l i b r i a  i n v o l v i n g  more complex 

o r g a n i c  compounds are n o t  c o n s i d e r e d ;  ( 3 )  t h a t  t h e  g a s  phase e x h i b i t s  

i d e a l  behav io r  under  a l l  c o n d i t i o n s .  The i m p l i c a t i o n s  of t h e s e  assumpt ions  

are  d i s c u s s e d  i n  t u r n .  

E q u i l i b r i u m  between g r a p h i t e  and gas . 
-I_ 

I n  t h e  t e r n a r y  system C-H-0, under s u i t a b l y  r educ ing  c o n d i t i o n s ,  s o l i d  

carbon ( g r a p h i t e  a t  low p r e s s u r e s )  can form o v e r  a wide range  of t empera tu res  

and g a s  p r e s s u r e s .  The p resence  of g r a p h i t e  i n  t h e  assemblage r educes  t h e  

number of v a r i a b l e s  which must  be s p e c i f i e d  t o  f i x  t h e  composi t ion  of t h e  

g a s  phase .  The two-phase assemblage,  g r a p h i t e  + g a s ,  may be  shown by t h e  

Gibbs Phase  Rule t o  be t r i v a r i a n t ,  s i n c e  F = C - P + 2 = 3 (French and 

E u g s t e r ,  1965 ,  p. 1537) .  

G r a p h i t e ,  o r  amorphous carbonaceous material ,  i s  a common t r a c e  con- 

s t i t u e n t  of numerous sed iments  and metamorphic rocks! and h a s  o c c a s i o n a l l y  

been observed  i n  terrestrial  igneous r o c k s  and i n  m e t e o r i t e s .  The e f f e c t  

of such  material on c o n t r o l l i n g  P have been p r e v i o u s l y  sugges ted  (Miyash i ro ,  

1964;  M u e l l e r ,  1964;  French ,  1964) .  The assumpt ion  t h a t  g r a p h i t e  i s  p r e s e n t  

a 02 

- i n  n a t u r a l  assemblages i s  therefoi-e  r e a s o n a b l e .  The c a l c u l a t i o n s  d i s c u s s e d  

are  s t r i c t l y  a p p l i c a b l e  o n l y  t o  c r y s t a l l i n e  g r a p h i t e  and n o t  t o  amorphous 

o r g a n i c  m a t e r i a l  which may o r i g i n a l l y  be  p r e s e n t  i n  sed iments  and low-grade 
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metamorphic r o c k s .  

w i t h  i n c r e a s i n g  metamorphism (Quinn and G l a s s ,  1958;  French ,  1964) .  

However, such m a t e r i a l  i s  observed  t o  change t o  g r a p h i t e  

The model a l s o  r e q u i r e s  cont inuous  e q u i l i b r a t i o n  w i t h  a g a s  phase of 

t h e  p r o p e r  composi t ion.  

p a r t  o f  t h e  g a s  phase  i s  composed of a d d i t i o n a l  e lements  ( e . g . ,  N ,  SI o r  

C l )  o r  t o  systems which are so  d r y  and impermeable t h a t  no g a s  phase can 

e x i s t .  Processes  o c c u r i n g  o n l y  i n  t h e  s u b s o l i d u s ,  e . g . ,  e x s o l u t i o n  of 

g r a p h i t e  from an i ron-carbon a l l o y ,  a r e  l i k e w i s e  excluded from c o n s i d e r a t i o n .  

Cons idera t ion  of i n o r g a n i c  compounds - o n l y  

It d o e s  n o t  a p p l y  t o  systems i n  which a l a r g e  

- -  
It i s  assumed h e r e  t h a t  t h e  compounds (XI2, 00, H 2 0 ,  H2, CH4, and O2 

c o n s t i t u t e  t h e  t o t a l  p r e s s u r e  of t h e  g a s  p h a s e ,  s i n c e  t h e s e  are t h e  major  

v o l a t i l e  s p e c i e s  involved  i n  r e a c t i o n s  between m i n e r a l s .  A d e t a i l e d  c a l c u -  

l a t i o n  of e q u i l i b r i u m  composi t ions  f o r  a phase c o n t a i n i n g  a d d i t i o n a l  o r g a n i c  

compounds (Dayhoff e t  a l . ,  1964) p r o v i d e s  suppor t  f o r  t h i s  assumption by 

i n d i c a t i n g ,  (1) t h a t  t h e  compounds l i s t e d  do compose almost  t h e  e n t i r e  g a s  

p r e s s u r e ,  and ( 2 )  t h a t  t h e  p a r t i a l  p r e s s u r e  of  CH4 g r e a t l y  exceeds t h a t  of  

t h e  more complex o r g a n i c  compounds. It i s  t h e r e f o r e  b e l i e v e d  t h a t  no 

g r e a t  d i s c r e p a n c y  i s  i n t r o d u c e d  by t h i s  assumpt ion .  

I d e a l  Behavior of t h e  Gas Phase ---- 
The assumption t h a t  t h e  g a s  phase  behaves i d e a l l y  h a s  been i n c o r p o r a t e d  

i n t o  e a r l i e r  c a l c u l a t i o n s  i n v o l v i n g  t h e  system C-H-0 (Krauskopf , 1959 ;  

S u e s s ,  1962 ;  Hol land ,  1962; Dayhoff e t  a l . ,  1964) .  T h i s  assumption probably  

i n t r o d u c e s  t h e  l a r g e s t  u n c e r t a i n t y  i n t o  t h e  numerical  r e s u l t s  o b t a i n e d  i n  

t h e  p r e s e n t  s tudy.  A s  d i s c u s s e d  below,  t h e  e f f ec t  of  t h i s  assumption i s  

d i f f i c u l t  t o  e s t i m a t e ,  b u t  it i s  b e l i e v e d  t h a t  t h e  p r e s e n t  resclts are  

I 
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s a t i s f a c t o r y  f o r  s e m i q u a n t i t a t i v e  c o n s i d e r a t i o n s  and t h a t  none of t h e  g e n e r a l  

c o n c l u s i o n s  i s  i n v a l i d a t e d .  

There i s  p r e s e n t l y  l i t t l e  exper imenta l  d a t a  on t h e  behav io r  of 

a 

m i x t u r e s  of t h e  g a s  s p e c i e s  a t  h i g h  pressures, b u t  a v a i l a b l e  d a t a  do i n d i c a t e  

t h a t  t h e  behav io r  w i l l  be non idea l  a t  low t e m p e r a t u r e s .  An i m m i s c i b i l i t y  

gap e x i s t s  i n  t h e  system H 0-03 (Mal in in ,  1959;  Todheide and Franck ,  1963;  

Takenouchi and Kennedy, 1 9 6 4 ) ;  a l though  t h e r e  are s l i g h t  d i f f e r e n c e s  between 

2 2 

t h e  expe r imen ta l  r e su l t s ,  i t  a p p e a r s  t h a t  t h e  two-phase r e g i o n  l i e s  a t  

t e m p e r a t u r e s  below t h e  c r i t i c a l  p o i n t  of water (373OC) f o r  v a l u e s  of P 

less t h a n  2000 b. Below 400 b. t o t a l  g a s  p r e s s u r e ,  t h e  two-phase r e g i o n  

a p p a r e n t l y  l i e s  below 350 C. 

g a s  

0 
The e f f e c t  of o t h e r  compounds on t h e  l o c a t i o n  

of t h e  two-phase r eg ion  i s  u n c e r t a i n ;  l a r g e  amounts of methane might move 

t h e  c r i t i c a l  s u r f a c e  t o  even low t empera tu res .  

P r e l i m i n a r y  expe r imen ta l  d a t a  (H. J. Greenwood, pe r sona l  communication) 

i n d i c a t e  t h a t  t h e  system H20-W2 e x h i b i t s  n e a r l y  i d e a l  behav io r  a t  h i g h e r  

t e m p e r a t u r e s .  N e v e r t h e l e s s ,  it seems c lear  t h a t  numer ica l  r e s u l t s  based 

on an  i d e a l - g a s  model are o n l y  s p e c u l a t i v e  below 300 C ;  o n l y  t h e  r e s u l t s  

g i v e n  h e r e  f o r  t empera tu res  above 600 K (327 C) are cons ide red  as  r e a s o n a b l e  

0 

0 0 

approx ima t ions  t o  t h e  a c t u a l  behavior  of t h e  system. 

Although t h e r e  are no d a t a  a v a i l a b l e  f o r  f u g a c i t y  c o e f f i c i e n t s  of t h e  

v a r i o u s  s p e c i e s  i n  m i x t u r e s ,  v a l u e s  of y f o r  i n d i v i d u a l  s p e c i e s  have been i 

compiled as f u n c t i o n s  of tempera ture  and p r e s s u r e  f o r  CO 

R o b i e ,  1 9 6 2 ) ,  CO (Newton, 1 9 3 5 ) ,  H20 (Anderson, 19641, H2 (Shaw and Wones, 

(Kennedy, 1954;  2 

1 9 6 4 1 ,  and CH (Dous l in  et  a l . ,  1964). A c l o s e r  approximat ion  t o  t h e  a c t u a l  

b e h a v i o r  of t h e  g a s  phase could be made by assuming t h a t  v a l u e s  of y 

t h e  m i x t u r e  are t h e  same a s  f o r  t h e  p u r e  s p e c i e s  a t  t h e  same t empera tu re  and 

4 

i n  i 
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p r e s s u r e  ( L e w i s  and R a n d a l l ' s  R u l e ;  see Denbigh, 1957) .  

mat ion may not  b e  v a l i d  a t  ex t remely  h i g h  p r e s s u r e s .  

Even t h i s  approxi -  

I n  view o f  t h e  u n c e r t a i n t y  i n  y f o r  t h e  g a s  s p e c i e s ,  it seems unwarranted i 

t o  a t tempt  t o  compensate f o r  nonides l  behavior  i n  t h e  p r e s e n t  c a l c u l a t i o n s .  

An estimate of t h e  u n c e r t a i n t y  in t roduced  by assuming i d e a l  b e h a v i o r  i s  

c a r r i e d  o u t  below by performing p a r a l l e l  d e r i v a t i o n s  f o r  i d e a l  and nonidea l  
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I 
I 

CALCULATIONS OF EQUILIBRIUM BE'IWEEN GRAPHITE AND GAS 

. I n  a system which conforms t o  t h e  assumption l i s t e d ,  t h e  v a r i o u s  

p o s s i b l e  e q u i l i b r i a  between g r a p h i t e  and t h e  g a s  phase  a r e  s p e c i f i e d  by t h e  

e q u i l i b r i u m  c o n s t a n t s  of t h e  fo l lowing  f o u r  independent  e q u a t i o n s  (French  

and E u g s t e r ,  1965 ,  p.  1537) :  

. >  (2 )  c + 1 / 2  o 2  = 03 

(4) H2 + 1/2 O 2  = H20 

Combining (1-4) w i t h  t h e  c o n d i t i o n  t h a t  P must equa l  t h e  sum of a l l  

032 '  ' 0 3 '  'H20' 'Hq' 

g a s  
P i ,  we  o b t a i n  f i v e  e q u a t i o n s  invo lv ing  s i x  v a r i a b l e s ,  P 

P , and Po . 
CH4 2 
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t h e  v a l u e s  of any f i v e  Pi are  gas ' Thus, f o r  any s p e c i f i e d  T and P 

e x p l i c i t l y  determined i f  t h e  s i x t h  i s  independent ly  s p e c i f i e d .  

a g r e e s  w i t h  that  of t h e  Gibbs Phase Rule ;  

This r e s u l t  

I t h e  system g r a p h i t e - g a s  i s  t r i v a r i a n t  

and becomes u n i v a r i a n t  i f  any two v a r i a b l e s  ( e . g . ,  t empera ture  and t o t a l  

g a s  p r e s s u r e )  are s p e c i f i e d .  
I 
I 

T h e o r e t i c a l l y ,  one can  s p e c i f y  any P f o r  c a l c u l a t i o n  of t h e  o t h e r s .  i 

I n  p r a c t i c e ,  i n  systems i n v o l v i n g  b o t h  n a t u r a l  m i n e r a l s  and s y n t h e t i c  

p h a s e s ,  it i s  convenient  t o  s p e c i f y  P ( o r  f ) as  t h e  independent  

v a r i a b l e .  Numerous minera l  assemblages which c o n t a i n  i r o n -  and manganese- 

I 

O2 O2 

b e a r i n g  phases  are r e l a t e d  by o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  which are 

c o n v e n i e n t l y  w r i t t e n  i n  terms of p0 . 
r e s u l t a n t  changes i n  t h e  m i n e r a l  assemblage ( E u g s t e r ,  1959;  E u g s t e r  and 

Changes i n  p0 w i l l  be  r e f l e c t e d  by 
2 2 

Wanes, 1962;  Buddington and L i n d s l e y ,  1964) .  Converse ly ,  i t  may be p o s s i b l e  

t o  deduce approximate v a l u e s  of Po 

c a l c u l a t e  p a r t i a l  p r e s s u r e s  of o t h e r  s p e c i e s .  

from t h e  m i n e r a l  assemblage and t h e r e b y  
2 

The subsequent c a l c u l a t i o n s  are t h e r e f o r e  c a r r i e d  o u t  by s p e c i f y i n g  

and fo ( s p e c i f y i n g  fo  removes t h e  n e c e s s i t y  of  c o n s i d e r i n g  yo 
g a s  ' 2 2 2 T, p 

i n  t h e  e q u a t i o n s ) .  
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co Equa t ions  ( l a )  and (2a) demonst ra te  t h a t  v a l u e s  of P and P 
m 2  

depend o n l y  on t empera tu re  and fo  and a r e  independent  of P ( excep t  f o r  
2 g a s  

t h e  s l i g h t  e f f e c t  of P on y i ) .  The v a l u e s  o f  P and P can t h u s  be 

c a l c u l a t e d  d i r e c t l y  and s u b s t i t u t e d  i n  ( 5 ) ,  as:  

g a s  0 2  co 

The v a l u e  of Po 

p a r t i c u l a r l y  if g r a p h i t e  i s  a l s o  p re sen t  ( E u g s t e r ,  1959; French and E u g s t e r ,  

w i l l  be under  lo-'' b. i n  most g e o l o g i c a l  assemblages ,  
2 

1 9 6 5 ) ;  the term can t h e r e f o r e  be n e g l e c t e d .  

The l e f t h a n d  s i d e  o f  (5a )  can be w r i t t e n  i n  terms of PH and known 
2 

q u a n t i t i e s  by s u b s t i t u t i n g  (3a) and (4a ) .  

H2 T h i s  e x p r e s s i o n  i s  r ea r r anged  t o  o b t a i n  a q u a d r a t i c  e q u a t i o n  i n  which P 

i s  t h e  o n l y  unknown. 
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Values of PH o b t a i n e d  from t h e  p o s i t i v e  r o o t  of ( 7 )  can t h e n  be 
2 

and PH20..  For an.  
cH4 

s u b s t i t u t e d  i n  ( 3 a )  and (4a)  t o  d e r i v e ,  r e s p e c t i v e l y ,  P 

i d e a l  g a s ,  a l l  Pi 2 f i . a n d  a l l > y i  = 1. Under t h e s e  c o n d i t i o n s ,  ( 7 )  becomes: 

Comparison of ( 7 )  and (8)  i n d i c a t e s  t h a t  t h e  d i f f e r e n c e  between v a l u e s  

of PH 

A v a i l a b l e  d a t a  on t h e  f u g a c i t y  c o e f f i c i e n t s  o f  t h e  p u r e  s p e c i e s  i n d i c a t e  

t h a t ,  above 500 K ,  v a l u e s  of y i  l i e  w i t h i n  t h e  range  0 . 7  - 3.0. 

w i l l  be reduced because t h e  f u g a c i t y  c o e f f i c i e n t s  appear  i n  ( 7 )  a s  r a t i o s ,  

and v a l u e s  of y i  w i l l  t e n d  t o  be s i m i l a r  f o r  t h e  same t e m p e r a t u r e  and 

p r e s s u r e  (Newton, 1935) .  

o b t a i n e d  by each method w i l l  p r o b a b l y  b e  less  t h a n  an  o r d e r  of magni tude.  
2 

0 T h i s  v a r i a b i l i t y  

It  i s  t h e r e f o r e  b e l i e v e d  t h a t  t h e  e r r o r s  i n t r o d u c e d  i n t o  t h e  c a l c u l a t e d  

p i  by p o s t u l a t i n g  an i d e a l  g a s  phase  w i l l  b e  less  t h a n  an  o r d e r  of magnitude 

and probably  c l o s e r  t o  a f a c t o r  of two. 

s u f f i c i e n t  t o  change t h e  g e n e r a l  c o n c l u s i o n s  o b t a i n e d  and may b e  minimized 

Such a d i s c r e p a n c y  i s  n o t  b e l i e v e d  
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by p r e s e n t i n g  r e s u l t s  i n  terms of l o g  P 

would be n e c e s s a r y  t o  o b t a i n  more a c c u r a t e  v a l u e s  o f  y 

t h e  r e s u l t s .  One p o s s i b l e  r e f inemen t  would i n v o l v e  u s i n g  v a l u e s  of y i 

f o r  t h e  pu re  s p e c i e s  i n  accordance  w i t h  L e w i s  and Randa11)s  Ru le ,  b u t  t h e  

F u r t h e r  expe r imen ta l  work i' 

f o r  r e f inemen t  of i 

small a n t i c i p a t e d  c o r r e c t i o n  does n o t  seem t o  j u s t i f y  i n t r o d u c t i o n  of t h e  

a d d i t i o n a l  c o m p l i c a t i o n s  i n t o  t h e  p r e s e n t  s t u d y .  

Accord ing ly ,  c a l c u l a t i o n s  of P a r e  c a r r i e d  o u t  f o r  an i d e a l  g a s ,  u s ing  i 

v a l u e s  of  T ,  Pgas,  and fo 

g e o l o g i c a l  envi ronments .  C a l c u l a t i o n s  were c a r r i e d  o u t  on an IBM 7090/7094 

s e l e c t e d  t o  cover  a wide range o f  p o s s i b l e  
2 

sys tem,  us ing  a program w r i t t e n  i n  FORTRAN I V  language by M r .  Ar thu r  Smi th  

of t h e  T h e o r e t i c a l  D i v i s i o n ,  NASA, Goddard Space F l i g h t  Center. The 

v a l u e s  of K i  were ob ta ined  from JANAF Tables  and d i d  n o t  d i f f e r  s i g n i f i c a n t l y  

from t h o s e  of ea r l ie r  c o m p i l a t i o n s  (Wagman e t  a l . ,  1945) .  The c a l c u l a t i o n s  

covered  a t empera tu re  r ange  of 300 0 t o  1 5 0 0 ° K ,  a p r e s s u r e  range  of 1 b a r  

t o  100 k i l o b a r s ,  and v a l u e s  of f o  

q u a r t z - f a y a l i t e - i r o n  and hemat i te -magnet i te  b u f f e r s  ( E u g s t e r  and Wones, 

approximating t h e  i n t e r v a l  between t h e  
2 

1962) .  

t h e  v a l u e s  of P i  i n t o  (1-5) t o  c a l c u l a t e  K 

The r e s u l t s  p r e s e n t e d  i n  t h e  t ex t  f i g u r e s  were checked by s u b s t i t u t i n g  

1 
i ' 

'Between 298' and 1200°K,  g r a p h i t e  becomes metastable w i t h  r e s p e c t  t o  

diamond a t  p r e s s u r e s  above about  16 t o  40 k b ,  r e s p e c t i v e l y  (Bundy e t  a l . ,  

1961) .  The t r a n s f o r m a t i o n  i n t r o d u c e s  a s l i g h t  a d d i t i o n a l  u n c e r t a i n t y  i n t o  

t h e  numer ica l  resu l t s  o b t a i n e d  f o r  va lues  of P above t h e s e  l i m i t s .  No 

c o r r e c t i o n  f o r  t h i s  e f fec t  has  been made, s i n c e  t h e  p robab le  n o n i d e a l i t y  

of  t h e  g a s  phase  a t  such h igh  p r e s s u r e s  w i l l  i n t r o d u c e  a g r e a t e r  e r r o r  i n t o  

g a s  
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t h e  r e s u l t s  t h a n  t h a t  caused by t h e  s l i g h t  d i f f e r e n c e  i n  A G O ,  0 . 5  t o  1 . 7  

k c a l  ./mole, involved  i n  t h e  diamond-graphi te  t r a n s f o r m a t i o n .  Furthermore,  

t h e  fo l lowing  d i s c u s s i o n  i s  concerned a lmost  e x c l u s i v e l y  w i t h  t h e  r e g i o n  

w i t h i n  which g r a p h i t e  i s  s t a b l e .  

No c o r r e c t i o n  h a s  been made f o r  t h e  e f f e c t  o f  p r e s s u r e  on t h e  

e q u i l i b r i u m  c o n s t a n t s  of t h e ' h e t e r o g e n e o u s  r e a c t i o n s  ( 1 - 3 ) ,  i n  which t h e  

s o l i d  phase g r a p h i t e  p a r t i c i p a t e s .  Because of t h e  small  molar  volume of 

g r a p h i t e ,  t h e  change i n  l o g  K for t h e s e  r e a c t i o n s  w i t h  p r e s s u r e  i s  o n l y  i 

-O.O28(P - l ) / T  (French and E u g s t e r ,  1965,  p .  1534) .  For extreme c o n d i t i o n s  
gas  

= 10 k b . ,  T = 60OUK>, t h e  change i n  l o g  Ki i s  l ess  t h a n  -0 .5 ;  f o r  (Pga S 
p r e s s u r e s  up t o  2 k b . ,  t h e  d i f f e r e n c e  w i l l  be  less t h a n  0.1, and t h e  

r e s u l t a n t  u n c e r t a i n t i e s  do n o t  appear  t o  exceed t h o s e  in t roduced  by t h e  

assumption o f  i d e a l  b e h a v i o r .  

i 
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NUMERICAL RESULTS AND SOME GEOLOGICAL IMPLICATIONS 

ComDosition of t h e  Gas P h a s e  a s  a Function o f  f -  
'2  

The f i g u r e s  and d i s c u s s i o n  which f o l l o w  r e p r e s e n t  o n l y  s e l e c t e d  samples 

of t h e  l a r g e  amount of  numerical  d a t a  obta ined  through use of  a high-speed 

computer.  The c h o i c e  i s  r e l a t i v e l y  a r b i t r a r y ,  bu t  a s e l e c t i o n  h a s  been 

made which i s  in tended  t o  a p p l y  c h i e f l y  t o  t e r r e s t r i a l  g e o l o g i c a l  p r o c e s s e s  

under  c o n d i t i o n s  f o r  which t h e  o r i g i n a l  assumptions remain reasonably  v a l i d .  

F i g u r e s  (1-3) p r e s e n t  v a l u e s  of  log  P a s  a f u n c t i o n  of l o g  f 
i O2 

0 f o r  s p e c i f i e d  v a l u e s  of T and P . Numerical r e s u l t s  f o r  600 K (327OC) 
g a s  

a r e  shown i n  F i g u r e  1 f o r  t o t a l  g a s  p r e s s u r e s  o f  1 b a r ,  1000 b a r s ,  and 10 

k i l o b a r s .  T h i s  tempera ture  i s  reasonable  f o r  low-grade metamorphism 

(approximate ly  t h e  g r e e n s c h i s t  f a c i e s ;  Turner  and Verhoogen, 1960,  p .  534).  

The d o t t e d  p o r t i o n s  of t h e  c u r v e s  correspond t o  v a l u e s  of l o g  fo 

t h e  q u a n t i t y  (P + P ) becomes g r e a t e r  t h a n  P , and f o r  which s o l u t i o n s  

of (8 )  are n o t  p o s s i b l e .  

b u f f e r  assemblages (Eugs ter  and Wones, 1962) are i n d i c a t e d  on t h e  a b s c i s s a .  

f o r  which 
2 

a,2 a, g a s  
Values  of  log f o  f o r  v a r i o u s  s o l i d - p h a s e  oxygen 

2 

0 0 S i m i l a r  p l o t s  are p r e s e n t e d  f o r  900 K (627 C ) ,  a t e m p e r a t u r e  which 

r e p r e s e n t s  p r o b a b l e  high-grade metamorphic c o n d i t i o n s  ( F i g .  2 )  and f o r  

1200°K (927 C) , .a r e a s o n a b l e  e s t i m a t e  f o r  pyrometamorphism o r  f o r  some 0 

igneous  phenomena ( F i g .  3 ) .  

S e v e r a l  g e n e r a l  c o n c l u s i o n s  appear  from t h e  f i g u r e s .  A t  c o n s t a n t  T 

and fo 

H 2 .  Converse ly ,  f o r  a g iven  P and f o  i n c r e a s i n g  t e m p e r a t u r e s  produce 

h i g h e r  g a s  p r e s s u r e s  f a v o r  a reduced g a s  phase r i c h e r  i n  CH and 4 2 ,  4 

g a s  2 '  

a g a s  phase which becomes more oxid ized  and H 0 and CO appear  a t  t h e  

expense  of CH 

2 2 

4'  
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Throughout t h e  tempera ture  range  c o n s i d e r e d ,  H,O exceeds c 0 2  i n  t h e  

g a s ,  even though t h e  g a s  phase  may c o n s i s t  c h i e f l y  of o t h e r  s p e c i e s .  

F i n a l l y ,  f o r  a wide range of g e o l o g i c a l l y  r e a s o n a b l e  c o n d i t i o n s ,  

- 

corresponding  t o  t h e  lower p a r t  o f  t h e  s t a b i l i t y  f i e l d  of m a g n e t i t e ,  methane 

(CH4) i s  a s i g n i f i c a n t  t o  dominant c o n s t i t u e n t  o f  t h e  g a s  p h a s e ,  p a r t i c u l a r l y  

a t  lower tempera tures  (below 600 C) and h i g h e r  f l u i d  p r e s s u r e s .  

o b s e r v a t i o n  h a s  p a r t i c u l a r  s i g n i f i c a n c e  f o r  s p e c u l a t i o n s  about  t h e  f l u i d  

phase i n  equi l ibr ium w i t h  low- t o  medium-grade metamorphic r o c k s  and w i t h  

o r e  m i n e r a l s  i n  c e r t a i n  hydrothermal  d e p o s i t s .  

t h a t ,  a t  f o  

t h e  g a s  phase i s  a lmost  e n t i r e l y  methane, p a r t i c u l a r l y  below 500 C. 

amount of methane i n  t h e  g a s  phase d e c r e a s e s  s h a r p l y  as T o r  fo  

However, it seems r e a s o n a b l e  t o  s t a t e  t h a t ,  where g r a p h i t e  o c c u r s  w i t h  

i r o n - ,  wtlstite-, o r  f a y a l i t e - b e a r i n g  assemblages ,  t h e  c o n t r i b u t i o n  o f  methane 

t o  t h e  c o e x i s t i n g  g a s  phase w i l l  be  s i g n i f i c a n t .  

400 C ,  t h e  c o n t r i b u t i o n  of methane i s  a l s o  impor tan t  t o  a g a s  phase  c o e x i s t i n g  

w i t h  more oxid ized  m a g n e t i t e - g r a p h i t e  assemblages .  

0 T h i s  

The d a t a  p r e s e n t e d  i n d i c a t e  

v a l u e s  s u i t a b l e  f o r  t h e  appearance  of  f a y a l i t e  o r  wtistite, 
2 

0 
The 

i n c r e a s e s .  
2 

A t  t e m p e r a t u r e s  below 

0 

To apply t h e  d a t a  t o  g e o l o g i c a l  envi ronments ,  it i s  convenient  t o  

r e c a s t  t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e s  (1-3) i n  o r d e r  t o  s p e c i f y  v a l u e s  of 

P .  a s  a f u n c t i o n  of tempera ture .  T h i s  can be done by d e t e r m i n i n g  t h e  v a l u e  

of fg 

1 

f o r  a g iven  s o l i d - p h a s e  oxygen b u f f e r  by an  e q u a t i o n  of t h e  t y p e :  
2 

C(Ppns - 1) A 
T T l o g  f o 2  = - - + B + - 

( E u g s t e r  and Wones, 1962) .  

l o g  fo 
unique  f u n c t i o n s  of t h e  t e m p e r a t u r e .  

Thus,  f o r  a g i v e n  b u f f e r  and a s p e c i f i e d  Pgas9 

i s  a f u n c t i o n  o n l y  of T .  Values  of p i  c a n  t h e n  be c a l c u l a t e d  as  
2 2 
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2The s e l e c t i o n  o f  a s p e c i f i c  so l id -phase  b u f f e r  t o  e s t a b l i s h  t h e  

d i v a r i a n t  r e l a t i o n s h i p  i n d i c a t e d  i n  ( 9 )  between T,  P and fo  i m p l i e s  

t h e  a d d i t i o n  of new components t o  t h e  system C-H-0 and t h e  co r re spond ing  

appearance  of a d d i t i o n a l  s o l i d  phases  i n  e q u i l i b r i u m  w i t h  g r a p h i t e  and g a s .  

I n  o r d e r  t h a t  t h e  o r i g i n a l  t r i v a r i a n t  system should  become d i v a r i a n t  , 

(n  + 1,) s o l i d  p h a s e s  must appea r  f o r  each  a d d i t i o n a l  n components. Thus,  

t h e  a d d i t i o n  of Fe produces  two-phase b u f f e r  assemblages  (HM, M I ,  e t c . ) ,  

w h i l e  a d d i t i o n  of bo th  Fe and S i  r e q u i r e s  th ree -phase  b u f f e r s  (QFM, QFI). 

I n  b o t h  cases, t h e  new system now has  (n + 3)  components, (n + 2)  s o l i d  

p h a s e s ,  and a g a s  phase ;  under  t h e s e  c o n d i t i o n s ,  it i s  d i v a r i a n t  and a l l  

Pi are e x p l i c i t l y  determined by s p e c i f y i n g  on ly  P 

gas ' 2 

and T .  
gas 

Because of t h e  rare o c c u r r e n c e  of a c t u a l  b u f f e r  assemblages  i n  n a t u r e  

( E u g s t e r  and Wones, 1962,  p.  115-1161, it i s  most u s e f u l  t o  u se  t h e  b u f f e r s  

t o  e s t a b l i s h  extreme l i m i t s  of f o  cor responding  t o  t h e  s t a b i l i t y  f i e l d  o f  

some i n d e x  mine ra l  ( m a g n e t i t e ,  f a y a l i t e ,  wlistite, e t c . ) ;  t h e  co r re spond ing  

ex t r eme  v a l u e s  of P .  can  then  be  c a l c u l a t e d .  Then, t h e  occur rence  of t h e  

m i n e r a l  w i t h  g r a p h i t e  i n d i c a t e s  l i m i t i n g  v a l u e s  f o r  composi t ion  of t h e  

c o e x i s t i n g  g a s  phase .  

2 

* 

t 1 

Although t h e  p r e s e n t  d i s c u s s i o n  h a s  emphasized f o  , t h e  b u f f e r  t e c h n i q u e  
2 

i s  p e r f e c t l y  g e n e r a l  (Eugs ter  and Wones, 1962,  p. 95) .  A d d i t i o n a l  v o l a t i l e  

components may b e  in t roduced  i n t o  the p r e s e n t  c a l c u l a t i o n s  i f  new f i  can 

b e  s i m i l a r l y  l i m i t e d  by a d d i t i o n a l  s o l i d  phases  i n  t h e  system. For example,  
I 

i n c l u s i o n  of f S  could 

i r o n  s u l f i d e s  (Toulmin 

d e s i r a b l e  f o r  s t u d y  of 

1 9 5 8 ;  Andersen e t  a l . ,  

2 
be f a c i l i t a t e d  by i n t r o d u c t i o n  of t h e  co r re spond ing  

and Bar ton ,  1964) ;  c o n s i d e r a t i o n  of fN 

c e r t a i n  n i t r i d e - b e a r i n g  m e t e o r i t e  assemblages  (Mason, 

1964;  K e i l  and Anderson, 1965) .  

. ,  

might become 
2 
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Most igneous  and m e t a m r p h i c  reactions a p p a r e n t i y  occur  a t  v a l u e s  of  

f o  w i t h i n  t h e  s t a b i l i t y  f i e l d  of  m a g n e t i t e  (Eugs ter  and Wones, 1962) .  

F i g u r e s  (4-6) p r e s e n t  v a l u e s  of l o g  P i 

b u f f e r  combinat ions w i t h i n  t h i s  r e g i o n :  (1) t h e  quartz-fayalite-magnetite 

(QEM) b u f f e r  ( F i g .  41, which f i x e s  t h e  h i g h e s t  f o  a t  which f a y a l i t e  i s  

s t a b l e ;  ( 2 )  t h e  combined m a g n e t i t e - i r o n  ( M I )  and magnet i te -wt t s t i t e  (MW) 

b u f f e r s ,  which t o g e t h e r  s p e c i f y  t h e  lowes t  fO2 f o r  t h e  e x i s t e n c e  of  m a g n e t i t e ;  

and ( 3 )  t h e  combined m a g n e t i t e - i r o n  ( M I )  and w t i s t i t e - i r o n  (WI) buffer ' s , '  which 

correspond t o  t h e  h i g h e s t  f o 2  f o r  which metall ic i r o n  i s  s t a b l e .  

2 

as  a f u n c t i o n  of t e m p e r a t u r e  f o r  t h r e e  

2 

Values of  l o g  P i  f o r  t h e  v a r i o u s  s p e c i e s  i n  a gas phase  c o e x i s t i n g  

w i t h  t h e  s o l i d  assemblage q u a r t z  + f a y a l i t e  + m a g n e t i t e  + g r a p h i t e  are shown 

i n  F i g u r e  4 as a f u n c t i o n  of  tempera ture  f o r  P 

10 kb.  

composi t ion o f  t h e  gas phase i s  s l i g h t ;  a t  b o t h  p r e s s u r e s ,  e q u i l i b r i u m  i s  

n o t  p o s s i b l e  above about  55OoC. 

C 0 2 ,  and H 0 ;  t h e  l a t t e r  two become dominant w i t h  i n c r e a s i n g  are CH4, 

t empera ture .  

values of 1000 b.  and 
gas 

The e f f e c t  of a t e n f o l d  change i n  t o t a l  gas p r e s s u r e  on t h e  r e l a t i v e  

The most impor tan t  s p e c i e s  i n  t h e  gas phase  

2 

The behavior  of t h e  g a s  phase a t  P = 1000 b . ,  i n  e q u i l i b r i u m  w i t h  
g a s  

0 t h e  two assemblages,  m a g n e t i t e  + i r o n  (below 560 C) and m a g n e t i t e  + wtlstite 

(above 560 C) i s  shown i n  F igure  5. Methane i s  dominant o v e r  much of t h e  

tempera ture  r a n g e ,  b u t  t h e  assemblage i t se l f  becomes u n s t a b l e  above about  

85OoC. 

f o r  most g e o l o g i c a l  p r o c e s s e s .  By c o n t r a s t ,  a t  t h e  same v a l u e s  of P 

t h e  g a s  phase c o e x i s t i n g  w i t h  t h e  more reduced a s s e m b l a g e s ,  m a g n e t i t e  + 

i r o n  (below 560 C) and wtlstite + i r o n  (above 56OoC) i s  c o n s i d e r a b l y  d i f f e r e n t  

0 

The f o 2  v a l u e s  f o r  t h e s e  b u f f e r s  ( F i g .  5 )  r e p r e s e n t  minimum v a l u e s  

g a s  ' 

0 
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( F i g .  6 ) .  I n  t h i s  case, e q u i l i b r i u m  i s  p o s s i b l e  up t o  t h e  l i m i t  of c a l c u l a t i o n ,  

above 12OO0C. 

above 45OoC, PH > PH20 and Pa > Pa2. These c u r v e s  r e p r e s e n t  t h e  maximum 

v a l u e s  f o r  t h e  o c c u r r e n c e  of  m e t a l l i c  i r o n ,  as i n  m e t e o r i t e s  and i n  

The c o n t r i b u t i o n  o f  methane i s  enhanced,  a n d ,  a t  t e m p e r a t u r e s  
I 

2 

f O *  
rare terrestrial  rocks .  

w i l l  i n c r e a s e  t h e  reduced character of  t h e  g a s  phase .  

Lower v a l u e s  of fo  w i t h i n  t h e  i r o n  s t a b i l i t y  f i e l d  
2 

S i g n i f i c a n c e  o f  Methane i n  Equ i l ib r ium wi th  G r a p h i t e  - - - -I 
Much s p e c u l a t i o n  abou t  t h e  n a t u r e  of  hydrothermal  f l u i d s  h a s  cons ide red  

a f l u i d  phase  as  a m i x t u r e  of H 0 and CO The p r e s e n t  resul ts  i n d i c a t e  2 2 '  

t h a t ,  i n  a d d i t i o n ,  methane may be  a s i g n i f i c a n t  s p e c i e s  unde r  a range  of 

g e o l o g i c a l l y  p o s s i b l e  c o n d i t i o n s  invo lv ing  low t o  moderate  t e m p e r a t u r e s ,  

h i g h  g a s  p r e s s u r e s ,  and modera t e ly  low fo2 v a l u e s  c o n d i t i o n e d  by t h e  p r e s e n c e  

of g r a p h i t e .  

The importance o f  methane unde r  such c o n d i t i o n s  i s  i n d i c a t e d  by t h e  

d a t a  p r e s e n t e d  i n  F i g u r e s  ( 7 - 8 ) ,  which show t h e  p e r c e n t a g e  of methane i n  a 

g a s  phase  i n  e q u i l i b r i u m  w i t h  g r a p h i t e  and v a r i o u s  b u f f e r  assemblages .  

S i n c e  v a l u e s  of P 

b e h a v i o r  w i l l  c ause  a p r o p o r t i o n a t e l y  greater u n c e r t a i n t y ,  bu t  t h e  r e l a t i v e  

r a t h e r  t h a n  l o g  Pi a r e  p l o t t e d ,  t h e  assumption o f  i d e a l  i 

r e l a t i o n s h i p s  should n o t  be  a f f e c t e d .  A t  P = 1 b. ( F i g .  7 ) ,  more reducing  

v a l u e s  of f o  f a v o r  inc reased  c o n t r i b u t i o n  of methane a t  h i g h e r  t empera tu res .  

However, even a t  v a l u e s  of f o  

m a g n e t i t e  s t a b i l i t y  f i e l d  (approximate ly  t h e  "0 b u f f e r ) ,  methane may s t i l l  

g a s  

2 
corresponding  t o  t h e  uppe r  p a r t  of t h e  

2 . 
c o n t r i b u t e  30 t o  50 p e r  c e n t  of t h e  va lue  of P . 

g a s  
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Higher g a s  p r e s s u r e s  f a v o r  i n c r e a s e d  c o n t r i b u t i o n  of metilane a t  n i g h e r  

t e m p e r a t u r e s ;  a t  P = 1000 b .  (F ig .  81,  methane a c c o u n t s  f o r  more t h a n  

h a l f  of t h e  v a l u e  o f  P w i t h i n  t h e  s t a b i l i t y  f i e l d s  of f a y a l i t e  and 

M s t i t e .  I n c r e a s i n g  P above 1000 b .  w i l l  c o r r e s p o n d i n g l y  i n c r e a s e  t h e  

r e l a t i v e  c o n t r i b u t i o n  of methane. 

g a s  

g a s  

g a s  

With i n c r e a s i n g  t e m p e r a t u r e ,  methane g r a d u a l l y  d i s a p p e a r s  as H 0 and c 0 2  2 

became dominant. The r e l a t i v e  amounts of t h e  l a t t e r  two s p e c i e s  depend on 

as i n d i c a t e d  i n  F i g u r e  9 ,  where v a l u e s  f o r  a l l  P are p l o t t e d  as  a g a s '  i P 

f u n c t i o n  of T f o r  t h e  QFM and M I - W I  b u f f e r s .  A t  P = 1 b.  , CH4 and H2 are 
g a s  

dominant a t  low t e m p e r a t u r e s ;  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  P p a s s e s  t h r o u g h  
H2° 

a maximum and CO becomes t h e  dominant s p e c i e s .  By c o n t r a s t  , a t  P = 1000 b . ,  
2 g a s  

( F i g .  l o ) ,  both H and CO are n e g l i g i b l e .  With i n c r e a s i n g  t e m p e r a t u r e ,  P 

and P i n c r e a s e  c o n t i n u a l l y  as P d e c r e a s e s ,  w i t h  P always g r e a t e r  

t h a n  Pa . 
of water with d e c r e a s i n g  P 

be r e q u i r e d  f o r  complete  convers ion .  

2 H2° 

0 3 2  m4 H20 
P r e s s u r e s  above 1000 b. w i l l  i n c r e a s e  t h e  p r e f e r e n t i a l  p r o d u c t i o n  

2 
, a l t h o u g h  somewhat h i g h e r  t e m p e r a t u r e s  w i l l  

cH4 

A s i g n i f i c a n t  f e a t u r e  of t h e s e  d a t a  i s  t h e  r a p i d  d e c r e a s e  i n  P :  w i t h  
m4 

i n c r e a s i n g  tempera ture .  For example,  a t  P = 1 b. ( F i g .  9 ) ,  P d r o p s  from 

0 . 7  b .  t o  v i r t u a l l y  z e r o  between about  225 and 325 C a l o n g  t h e  QFM b u f f e r ;  
g a s  cH4 
0 0 

even a t  lower v a l u e s  of f o  

t o  z e r o  between 450' and 65OoC. 

a long  t h e  MI-WI b u f f e r ,  P i s  reduced from 0.6 b. 
2 m4 

S i m i l a r  b u t  less  sudden d e c r e a s e s  occur  a t  

0 
P = 1000 b. ( F i g .  10) ;  on b o t h  b u f f e r s ,  a t e m p e r a t u r e  i n t e r v a l  of o n l y  150 c *. 

g a s  
i s  s u f f i c i e n t  t o  reduce p from about  600 b .  t o  z e r o .  Such r a p i d  changes 

(=H4 
i n  t h e  composi t ion of t h e  g a s  phase w i t h  changing t e m p e r a t u r e  sugges t  t h a t  t h e  

p r i n c i p a l  d i f f i c u l t y  i n  e s t i m a t i n g  g a s  composi t ions  from n a t u r a l  m i n e r a l  

assemblages w i l l  be  u n c e r t a i n t i e s  i n  t e m p e r a t u r e ;  t h e  e f f ec t s  of u n c e r t a i n t i e s  
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' I  

I 

1 .  

assemblages w i l l  t h u s  r e q u i r e  very  accurate tempera ture  d a t a ,  s i n c e  a change of 

o n i y  200 C i s  s u f f i c i e n t  t o  c o n v e r t  a gas phase  composed a lmost  e n t i r e l y  of 

methane i n t o  one i n  which H 0 and t o g e t h e r  c o n s t i t u t e  more t h a n  80 p e r  

c e n t  of  P . The i m p l i c a t i o n s  o f  these r e s u l t s  f o r  a model of p r o d u c t i o n  of 

t h e  terrestrial  atmosphere by r e a c t i o n s  w i t h i n  t h e  e a r t h  i s  d i s c u s s e d  l a t e r .  

The d e t e c t i o n  and i d e n t i f i c a t i o n  of methane i n  l i q u i d  i n c l u s i o n s  and i n  

some g r a p h i t e - b e a r i n g  rocks  p r o v i d e s  exper imenta l  suppor t  f o r  t h e  c o n c l u s i o n  

t h a t  methane may b e  a s i g n i f i c a n t  c o n s t i t u e n t  of n a t u r a l  hydrothermal  f l u i d s .  

Methane h a s  been r e p o r t e d  as a minor c o n s t i t u e n t  o f  l i q u i d  i n c l u s i o n s  i n  

q u a r t z - b e a r i n g  p e g m a t i t e s  ( E l i n s o n  and P o l y k o v s k i i ,  1963a,  1963b) and i n  large 

amounts i n  i n c l u s i o n s  i n  a l k a l i n e  igneous r o c k s ,  a s s o c i a t e d  w i t h  small amounts 

of  o r g a n i c  matter ( P e t e r s i l ' y e  e t  a l . ,  1961) .  A t  least 5000 ppm of methane 

and minor amounts of o t h e r  hydrocarbons w e r e  evolved from g r a p h i t e  from a 

Precambrian q u a r t z - g r a p h i t e  s c h i s t  (Hoering and H a r t ,  1964) .  F u r t h e r  s t u d i e s  

of t h i s  t y p e  would b e  very  d e s i r a b l e .  

0 

2 

g a s  

Maximum P - Temperature Curves - f o r  Graphi te -Bear ing  Assemblages 
-Ea s 

I n  t h e  c a l c u l a t i o n s  p r e s e n t e d ,  i t  w a s  o f t e n  observed t h a t ,  under  c o n d i t i o n s  

of r e l a t i v e l y  h i g h  T and fo , no s o l u t i o n s  were p o s s i b l e  t o  t h e  system of 

E q u a t i o n s  (1-5,  8 ) .  T h i s  i n c o m p a t i b i l i t y  ar ises  from t h e  f a c t  t h a t  values 
2 

of Pa, and P are ( f o r  t h e  idea l -gas  model) dependent  o n l y  on T and fo  
2 a, 2 

and c o m p l e t e l y  independent  of  P . I t  i s  t h e r e f o r e  p o s s i b l e ,  as T o r  f o  
g a s  2 

(P, + P ) exceeds  co i n c r e a s e s ,  t o  g e n e r a t e  a c o n d i t i o n  where t h e  q u a n t i t y ,  

t h e  s p e c i f i e d ,  v a l u e  of P . Such a c o n d i t i o n  i s  i m p o s s i b l e  and t h e  e q u a t i o n s  

become i n s o l u b l e .  

2 

gas 

Under c o n d i t i o n s  of  s p e c i f i e d  T and P t h i s  l i m i t  i s  reached by g a s  ' 
i n c r e a s i n g  fo ( F i g s .  1 - 3 ) .  

2 
I n  la ter  c a l c u l a t i o n s  t h e  u s e  of a b u f f e r  t o  
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c n n t r n l  f 8 s  a fuzctlon o f  I introduces an additional equation involving 
-0 .-I 

L 

. Thus, two simultaneous equations must be satisfied for equilibrium 

to be maintained. For graphite, 

- 
K1 - fm2'fo2 

The solid-phase buffer has an equation of the form 

- 
K1O - fop 2 

(10) X + Y = Z + O  

where X, Y, and Z are solid phases. 

= K f . Further, the system requires that 
O2 

For an ideal gas, 

= K  K = K  f 
O2 P gas "a2 1 10 

No solutions will exist for values of T, P and f for which 
gas O2 

log P < log Pa) = log K + log Po 
2 1 gas 2 

I 
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With i n c r e a s i n g  T o r  fo  , such a l i m i t  o c c u r s  below 1500°K f o r  a l l  b u t  
2 

t h e  more r educ ing  b u f f e r s  and cor responds  t o  t h e  appearance  of d i s e q u i l i b r i u m  

between g r a p h i t e  and t h e  so l id -phase  b u f f e r  assemblage.  I n  gene ra l ,  t h e  more 

o x i d i z i n g  t h e  b u f f e r ,  t h e  lower t h e  temperature a t  which it becomes u n s t a b l e  

w i t h  r e s p e c t  t o  g r a p h i t e .  Actua l  d i s e q u i l i b r i u m  t e m p e r a t u r e s  w i l l  be lower 

t h a n  sugges ted  by (11) because  of the c o n t r i b u t i o n  o f  o t h e r  s p e c i e s  t o  P . 
g a s  

C a l c u l a t i o n  of t h e  e x a c t  d i s e q u i l i b r i u m  t empera tu re  f o r  d i f f e r e n t  v a l u e s  

of P 

each b u f f e r  assemblage.  These p o i n t s  form a series of u n i v a r i a n t  c u r v e s  i n  

e s t a b l i s h e s  a maximum tempera tu re  f o r  e q u i l i b r i u m  between g r a p h i t e  and 
g a s  

Pgas-T - f O 2  space  and may be p re sen ted  as p r o j e c t i o n s  on to  t h e  P 

p l a n e  ( F i g .  11). 

-T 
gas 

Each c u r v e  f i x e s  o n l y  t h e  maximum tempera tu re  f o r  e x i s t e n c e  of t h e  b u f f e r  

assemblage  w i t h  g r a p h i t e ;  t h e  phases  w i l l  be i n  e q u i l i b r i u m  a t  - a l l  t e m p e r a t u r e s  

below t h e  cu rve .  For i n s t a n c e ,  t h e  assemblage,  h e m a t i t e  + m a g n e t i t e  + 

g r a p h i t e  i s  s t a b l e  a t  a l l  t empera tu res  and p r e s s u r e s  t o  t h e  l e f t  of Curve (1) 

( F i g .  11); t h e  v a l u e  of f o  

A s  Curve (1) i s  reached w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t h e  t h r e e  phases  become 

i n  t h i s  r eg ion  i s  s p e c i f i e d  by t h e  HM b u f f e r .  
2 

u n s t a b l e  and one must d i s a p p e a r .  Three p a t h s  are p o s s i b l e :  (1) g r a p h i t e  i s  

removed by o x i d a t i o n ,  and t h e  assemblage h e m a t i t e  + m a g n e t i t e  c o n t i n u e s  t o  

b u f f e r  fo 

t o  m a g n e t i t e ,  i n  which c a s e  m a g n e t i t e  and g r a p h i t e  c o e x i s t  t o  t h e  r i g h t  of t h e  

c u r v e  and do n o t  c o n s t i t u t e  an f o  

h e m a t i t e ,  p roducing  t h e  assemblage hemat i t e  + g r a p h i t e ,  which a l s o  does  no t  

a t  t empera tu res  t o  t h e  r i g h t  o f  t h e  c u r v e ;  ( 2 )  h e m a t i t e  i s  reduced 
2 

b u f f e r ;  ( 3 )  m a g n e t i t e  i s  o x i d i z e d  t o  2 

b u f f e r  f o  . 
of t h e  c u r v e ,  t h e  b u f f e r i n g  a b i l i t y  of t h e  system i s  d e s t r o y e d  and two 

I f  g r a p h i t e  remains i n  t h e  assemblage a t  t e m p e r a t u r e s  t o  t h e  r i g h t  
2 
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L 

assembiages a r e  p o s s i b l e :  

g r a p h i t e  a t  low fo 

h e m a t i t e  + g r a p h i t e  a t  h i g h  fo and m a g n e t i t e  + 
2 

2 '  

S i m i l a r  arguments a p p l y  t o  t h e  o t h e r  c u r v e s ,  p a r t i c u l a r l y  t o  Curve ( 3 ) ,  

which i n d i c a t e s  t h e  maximum s t a b i l i t y  tempera ture  f o r  t h e  assemblage,  q u a r t z  

+ f a y a l i t e  + m a g n e t i t e  + g r a p h i t e .  The four -phase  assemblage ,  s t a b l e  t o  t h e  

l e f t  o f  Curve ( 3 ) ,  b u f f e r s  fo  r i g o r o u s l y .  

th ree-phase  assemblages are p o s s i b l e :  (a )  q u a r t z  + f a y a l i t e  + m a g n e t i t e ;  

(b )  q u a r t z  + f a y a l i t e  + g r a p h i t e ;  (c )  q u a r t z  + m a g n e t i t e  + g r a p h i t e ;  ( d )  

f a y a l i t e  + magnet i te  + g r a p h i t e .  Only assemblage (a)  i s  a r i g o r o u s  oxygen 

b u f f e r .  

To t h e  r i g h t  of t h e  c u r v e ,  f o u r  
2 

I n  g e n e r a l ,  f o r  each c u r v e ,  t h e  r e g i o n  t o  t h e  l e f t  d e n o t e s  e q u i l i b r i u m  

between t h e  s o l i d - p h a s e  oxygen b u f f e r ,  g r a p h i t e , a n d  t h e  gas phase .  As t h e  

c u r v e  i s  crossed w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t h e  b u f f e r  assemblage and 

g r a p h i t e  become u n s t a b l e ,  and t h e  c h a r a c t e r  of t h e  system a t  h i g h e r  t e m p e r a t u r e s  

depends on whether o r  n o t  g r a p h i t e  d i s a p p e a r s .  I f  g r a p h i t e  i s  o x i d i z e d ,  t h e  

s o l i d - p h a s e  b u f f e r  s t i l l  c o n t r o l s  f , b u t  a n o t h e r  d e g r e e  of  composi t iona l  

freedom i s  added t o  t h e  g a s  phase by t h e  d i s a p p e a r a n c e  of g r a p h i t e .  

remains,  t h e  s o l i d  phases  no l o n g e r  c o n s t i t u t e  an  oxygen b u f f e r  and t h e  v a l u e  

of fo 

O2 
I f  g r a p h i t e  

can be s p e c i f i e d  o n l y  w i t h i n  wide l i m i t s .  
2 
The curves  have c o n s i d e r a b l e  a p p l i c a t i o n  t o  g e o l o g i c a l  problems,  f o r  t h e y  

provide  upper  tempera ture  l i m i t s  f o r  t h e  e x i s t e n c e  of  c e r t a i n  m i n e r a l  assemblages 

i n  e q u i l i b r i u m  w i t h  g r a p h i t e  and g a s .  

ex t remely  i n s e n s i t i v e  t o  changes i n  P above a moderate  p r e s s u r e .  The d i f f i c u l t y  

i n  a p p l y i n g  the  c u r v e s  t o  n a t u r a l  assemblages  l i e s  i n  t h e  n e c e s s i t y  of 

i d e n t i f y i n g  severa l  s o l i d  phases  i n  t h e  Same specimen and of  d e m o n s t r a t i n g  

. 
They have t h e  added advantage  of  b e i n g  

g a s  

1 
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t h a t  t h e y  are i n  f a c t  i n  e q u i l i b r i u m  (see Zen, 1963) .  I n  a d d i t i o n ,  even i f  

it can be shown t h a t  a g iven  c u r v e  h a s  i n  f a c t  been exceeded,  c a r e f u l  

s t u d y  i s  n e c e s s a r y  t o  d i s t i n g u i s h  b$tween t h e  d i f f e r e n t  p e t r o l o g i c  i n t e r -  

p r e t a t i o n s  d e r i v i n g  from t h e  p r e s e n c e  o r  absence  of g r a p h i t e  i n  t h e  assemblage. 

The f a c t  t h a t  most p r e s e n t  s o l i d - b u f f e r  d a t a  i n v o l v e  i r o n - b e a r i n g  mine- 

r a l s  h a s  r e s t r i c t e d  t h e i r  a p p l i c a t i o n  t o  metamorphosed i r o n  f o r m a t i o n s  

c o n t a i n i n g  some of t h e  r e q u i r e d  assemblages (Gundersen and Schwar tz ,  1962;  

Zen, 1963;  French,  1965) .  However, numerous p o s s i b i l i t i e s  e x i s t  f o r  s t u d y  

of g r a p h i t e  and opaque a c c e s s o r y  m i n e r a l s  i n  igneous  and metamorphic r o c k s  

(see,  e . g . ,  Chinner ,  1960;  Buddington and L i n d s l e y ,  1964) .  

P r og re s s i ve Met amo rph  i s m  of - Graphi te-Bearing Sediments  

There h a s  been much c o n s i d e r a t i o n  o f  t h e  r o l e  of water and C 0 2  i n  

metamorphism, s i n c e  many of t h e  observed m i n e r a l  t r a n s f o r m a t i o n s  can be 

e x p r e s s e d  by r e a c t i o n s  i n v o l v i n g  t h e s e  v o l a t i l e  components. Many s p e c u l a t i o n s  

about  t h e  n a t u r e  of hydrothermal f l u i d s  have presupposed a g a s  phase  i n  which 

t h e s e  two s p e c i e s  are dominant.  Even though o t h e r  components such as methane 

may assume a s i g n i f i c a n t  r o l e  under  c e r t a i n  c o n d i t i o n s ,  it i s  worthwhile  t o  

c o n s i d e r  t h e  r e l a t i o n s h i p  between P 

w i t h  g r a p h i t e  under  c o n d i t i o n s  cor responding  t o  p r o g r e s s i v e  metamorphism. 

and Pa i n  a g a s  phase  i n  e q u i l i b r i u m  
H2° 2 

The p r e s e n c e  of  g r a p h i t e  o r  amorphous carbon i n  metamorphosed sed iments  

h a s  been proposed t o  e x p l a i n  two observed c h a r a c t e r i s t i c s  of metamorphosed 

r o c k s :  (1) a p p a r e n t  re la t ive r e d u c t i o n  of  minera l  assemblages w i t h  i n c r e a s i n g  

metamorphic g r a d e ,  cor responding  t o  an i n c r e a s e  i n  t h e  Fe /Fe r a t i o  2+ 3+ 

(Shaw, 1956;  Zen, 1963; M i y a s h i r o ,  1 9 6 4 ) ,  and ( 2 )  p r e s e r v a t i o n  of a p p a r e n t l y  

s t e e p  g r a d i e n t s  i n  Po 

l a y e r s  of  d i f f e r i n g  composi t ion (Chinner ,  1960;  Kranck, 1961;  Zen, 1963) .  

o v e r  s h o r t  d i s t a n c e s ,  p a r t i c u l a r l y  between a d j a c e n t  
2 
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A p p i i c a t i o n  of t h e  p r e s e n t  model r e q u i r e s  o n l y  t h e  development of  

g r a p h i t e  d u r i n g  metamorphism, p o s s i b l y  through r e c r y s t a l l i z a t i o n  of o r i g i n a l  

o r g a n i c  matter (French ,  1964; Hoering and H a r t ,  1964) .  Because of t h e  low 

gram-molecular weight  of g r a p h i t e ,  a small amount w i l l  be  ample f o r  exFens ive  

e q u i l i b r a t i o n ;  such amounts are common i n  metamorphosed sed iments  ( s e e ,  

e . g . ,  Miyashi ro ,  1964) .  

C o n s t r u c t i o n  of PH o-Pa3 p l o t s  from t h e  numerical  r e s u l t s  r e q u i r e s  
2 2 

o n l y  t h e  s e l e c t i o n  of Pa 

f o r  a g iven  t e m p e r a t u r e  and P 

t o  form a s e r i e s  of i s o t h e r m a l  c u r v e s  ( F i g s .  12-13) .  Each p o i n t  on a c u r v e  

cor responds  t o  a c o n d i t i o n  i n  which a l l  P 

s p e c i f i e d  . 

as an  independent  v a r i a b l e  i n s t e a d  of  f o  . Then, 
2 2 

a 3 2  
P can be p l o t t e d  as a f u n c t i o n  of P 

g a s ’  H20 

( i n c l u d i n g  Po are e x p l i c i t l y  
i 2 

A t  P = 100 b a r s  ( F i g .  1 2 1 ,  
gas  

0 
i s o t h e r m s  between 300 

the pH20-pm 2 
0 

and 1500 K a r e  a series of asymmetric c u r v e s  which p a s s  through maxima i n  

t h e  r e g i o n  of 5 t o  30 b .  Pa . 
d e r i v e d  from t h e  fo -T r e l a t i o n s  f o r  t h e  s o l i d - p h a s e  oxygen b u f f e r s  have 

been superimposed on t h e  i so therms.  

A d d i t i o n a l  curves cor responding  t o  d a t a  
2 

2 

The o b l i q u e  l i n e  a t  t h e  t o p  r e p r e s e n t s  t h e  l o c u s  of  p o i n t s  f o r  t h e  

c o n d i t i o n ,  PH20 + Pa2 = 100 b . ,  and t h e  v e r t i c a l  d i s t a n c e  between t h i s  l i n e  

and any p o i n t  on an  i so therm r e p r e s e n t s  t h e  t o t a l  p r e s s u r e  of o t h e r  s p e c i e s  

i n  t h e  g a s  phase.  A t  low v a l u e s  of P t h i s  d i f f e r e n c e  i s  l a r g e  f o r  a l l  

t e m p e r a t u r e s  and r e f l e c t s  t h e  dominance of methane under  c o n d i t i o n s  of low 
a 3 2  ’ 

Po2. A t  h i g h e r  t e m p e r a t u r e s ,  t h e  d i f f e r e n c e  i s  l a r g e  f o r  a l l  v a l u e s  of 

because of t h e  i n c r e a s i n g  c o n t r i b u t i o n  of H 

An i n c r e a s e  i n  P from 100 b. t o  1000 b.  ( F i g .  1 3 )  produces  a s l i g h t  

and CO t o  t h e  g a s  phase.  
p032  2 

g a s  
s h i f t  i n  t h e  i s o t h e r m s  toward h i g h e r  values of P and Pa ; however, t h e  

H2° 2 
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g e n e r a l  r e l a t i o n s  are unchanged. I n c r e a s e s  i n  P above 1000 b .  w i l l  

produce re1 a t  i v e l y  small er s h i f t s  . 
g a s  

These r e l a t i o n s  have several i m p l i c a t i o n s  f o r  s t u d y  of  t h e  p r o g r e s s i v e  

metamorphism of g r a p h i t e - b e a r i n g  sediments .  F i r s t ,  g r a p h i t e  cannot  c o e x i s t  

w i t h  p u r e  w a t e r  under  t h e  c o n d i t i o n s  i n d i c a t e d ;  even a t  t h e  lowes t  t e m p e r a t u r e s ,  

t h e  h i g h e s t  water c o n t e n t  p e r m i t t e d  i s  about  0.85 P . By c o n t r a s t ,  g r a p h i t e  

can c o e x i s t  o v e r  a wide tempera ture  range w i t h  a w a t e r - f r e e  atmosphere con- 

g a s  

2’ t a i n i n g  c h i e f l y  03 

Second,  f o r  a f i x e d  t e m p e r a t u r e  and P t h e  v a l u e s  of  P and P 
H2° co2 g a s  ’ 

cannot  v a r y  independent ly  b u t  must correspond t o  p o i n t s  a l o n g  a n  i so therm.  

increases a t  f i r s t ,  p a s s e s  t h r o u g h  a maximum i n  ’H20 As Pm i n c r e a s e s ,  

t h e  r e g i o n  where P 
2 

t h e n  d e c r e a s e s  t o  z e r o .  H20 ’ pcOp’ 
For t h e  complete  t e m p e r a t u r e  range under  d i s c u s s i o n ,  low v a l u e s  of 

( less  t h a n  0.05 P ) r e f l e c t  a methane-r ich atmosphere e x i s t i n g  under  
g a s  

c o n d i t i o n s  of r e l a t i v e l y  low Po . With i n c r e a s i n g  t e m p e r a t u r e ,  however, 
2 

t h e  g a s  phase becomes p r o g r e s s i v e l y  d e p l e t e d  i n  H 0 and C02,and H2 and a3 2 

become impor tan t .  For t h i s  r e a s o n ,  t h e  assumption t h a t  P = + P  
H2° g a s  

i s  s i g n i f i c a n t l y  i n  e r r o r  o v e r  a wide range  of  metamorphic t e m p e r a t u r e s .  

A t  600°K (327OC), t h e  c o n t r i b u t i o n  of o t h e r  components w i l l  exceed 10 p e r  

c e n t  o f  P f o r  v a l u e s  of P < 0.4 P . A t  t e m p e r a t u r e s  above 1 0 0 0 ° K  

(727 C ) ,  a similar e r r o r  i s  p r e s e n t  f o r  a l l  v a l u e s  of  P . 
g a s  032 . g a s  

0 

co2 

H20-’02 Comparing t h e  s o l i d - p h a s e  b u f f e r  c u r v e s  w i t h  t h e  i s o t h e r m a l  P 

c u r v e s  ( F i g s .  12-13) i n d i c a t e s  t h a t  r e a c t i o n  w i t h  g r a p h i t e  d u r i n g  r i s i n g  

t e m p e r a t u r e  w i l l  produce p r o g r e s s i v e l y  reduced minera l  assemblages .  For 

i n s t a n c e ,  a t  P 
0 

= 1000 b .  ( F i g .  1 3 ) ,  t e m p e r a t u r e s  between 100 and 2OO0C 
g a s  

are s u f f i c i e n t  t o  c o n v e r t  o r i g i n a l  hematite t o  m a g n e t i t e  i f  g r a p h i t e  i s  
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p r e s e n t .  

of m a g n e t i t e  from o r i g i n a l  h e m a t i t e  i n  s l i g h t l y  metamorphosed sedimentary 

i r o n  f o r m a t i o n s  (Zen,  1963;  LaBerge, 1964) .  More extreme r e d u c t i o n  may be 

a t t a i n e d  a t  h i g h e r  t e m p e r a t u r e s ;  t h e  development of f a y a l i t e  i n  c o n t a c t -  

metamorphosed i r o n  format ion  may be c o n d i t i o n e d  by t h e  p r e s e n c e  of  g r a p h i t e  

(Gundersen and Schwar tz ,  1962;  French ,  1965) .  The rare o c c u r r e n c e s  of 

wtistite and n a t i v e  i r o n  i n  terrestrial  r o c k s  (Walenta ,  1960;  Melson and 

S w i t z e r ,  1965) a l s o  a p p e a r  a s s o c i a t e d  w i t h  g r a p h i t e  which,  a t  igneous 

t e m p e r a t u r e s ,  could  produce ex t remely  r e d u c i n g  c o n d i t i o n s .  It  should be 

added t h a t ,  when such  reduced m i n e r a l s  are o b s e r v e d ,  t h e  c o n t r i b u t i o n  t o  

P 

Such a mechanism has  been suggested t o  explal:: t h e  deve:opmznt 

of  s p e c i e s  o t h e r  t h a n  H 0 and a2 may be s i g n i f i c a n t .  

A s p e c i f i c  model of p a r t i c u l a r  i n t e r e s t  i s  t h e  p r o g r e s s i v e  metamorphism 

g a s  2 

of a sediment c o n t a i n i n g  g r a p h i t e  and o r i g i n a l  i n t e r s t i t i a l  water under  

c o n d i t i o n s  where t h e  system i s  e i t h e r  comple te ly  c l o s e d  o r  open o n l y  t o  

water (Yoder,  1955;  Thompson, 1955) .  It h a s  been p o i n t e d  o u t  by ear l ie r  

i n v e s t i g a t o r s  ( E u g s t e r ,  1959;  M i y a s h i r o ,  1964)  t h a t ,  under  t h e s e  i n i t i a l  

c o n d i t i o n s ,  t h e  r e s u l t a n t  g a s  phase must undergo r e d u c t i o n  i n  o r d e r  t o  be 

i n  e q u i l i b r i u m  w i t h  t h e  observed m i n e r a l  assemblages .  

I n  a p p l y i n g  t h e  p r e s e n t  c a l c u l a t i o n s  t o  such  a s y s t e m ,  w e  may e x p r e s s  

t h e  a d d i t i o n a l  c o n s t r a i n t  by s a y i n g  t h a t ,  whatever  t h e  composi t ion  of t h e  

g a s  phase  d u r i n g  metamorphism, t h e  t o t a l  H/O r a t i o  i s  f i x e d  a t  2/1 f o r  b o t h  

t h e  c l o s e d  and water-permeable  sys tems.  Such a r b i t r a r y  s e l e c t i o n  of e lementa l  

r a t i o s  t o  reduce v a r i a n c e  h a s  been a p p l i e d  p r e v i o u s l y  i n  ana logous  c a l c u l a t i o n s  

( S u e s s ,  1962;  Dayhoff e t  a l . ,  1964) .  T h i s  a d d i t i o n a l  r e s t r i c t i o n  makes i t  

p o s s i b l e  t o  c a l c u l a t e  a l l  P as e x p l i c i t  f u n c t i o n s  of T and P o n l y .  I n  

a d d i t i o n  t o  t h e  e q u i l i b r i u m  r e l a t i o n s  (Eqs. 1 - 5 ) ,  t h e  r e q u i r e m e n t s  o f  

% 

i g a s  
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, 

materials b a l a n c e  may be w r i t t e n  (Suess ,  1 9 6 2 ) :  

+ pH 2 + pH20 
H = 4 P  

(=H4 

+ p  0 + 2 p  C02 + 2 p 0 2  
O = P  

H2° 

S i n c e  H/O = 2/1, 

+ p  + 2 P m  + 2 P 0 )  
cH4 H2 H2° 2O 2 2 co 4 p  + 2 P  + 2 P  = 2 ( P  

(12) = o  
- pH2 + po2 

+ p  - 2 P  
m4 p a 2  0 

Equat ions  (1-5) and ( 1 2 )  t o g e t h e r  c o n s t i t u t e  a system of s i x  e q u a t i o n s  

f o r  t h e  s i x  unknown P . e x p l i c i t  s o l u t i o n s  are  t h e r e f o r e  p o s s i b l e  once T and 

P are f i x e d .  I n  p r a c t i c e ,  however, t h e  c a l c u l a t i o n s  became involved  

because  of t h e  appearance  of a q u a r t i c  e q u a t i o n  i n  P . T h e r e f o r e ,  a s i m p l e r  

p r o c e d u r e  w a s  adopted by s p e c i f y i n g  T and f o  i n s t e a d .  P was c a l c u l a t e d  

by summation a t  t h e  end of t h e  process  and v a l u e s  of Pi were o b t a i n e d  by 

i n t e r p o l a t i o n  f o r  any s e l e c t e d  P 

i '  

g a s  

H2 

2 g a s  

g a s '  

Under t h e s e  c o n d i t i o n s ,  g r a p h i t e  becomes a t r u e  oxygen b u f f e r ,  s i n c e  

t h e  v a l u e  of fg  

Valuks of f o  

and 2000 b. ( F i g .  14) are v e r y  c l o s e  t o  analogous v a l u e s  c a l c u l a t e d  e a r l i e r  

f o r  a gas phase composed o n l y  of CO and CO (French and E u g s t e r ,  1965) .  2 

Both sets  of f o  -T c u r v e s  have sha l lower  s l o p e s  t h a n  do t h e  c u r v e s  f o r  t h e  

i r o n - b e a r i n g  s o l i d  phase b u f f e r s .  Thus,  i n  both  c a s e s ,  more reduced minera l  

main ta ined  i n  t h e  g a s  phase  depends o n l y  on T and P 2 gas - 
f i x e d  by g r a p h i t e  i n  t h i s  system f o r  v a l u e s  of  P 

2 g a s  
of 1 b .  

2 
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assemblages w i l l  appear  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  i n  agreement w i t h  t h e  

g e n e r a l  c o n c l u s i o n s  d i s c u s s e d  above ( F i g s .  12-13) .  

The i n t e r p o l a t e d  values of  P are shown i n  F igure  1 5  a s  a f u n c t i o n  o f  

t e m p e r a t u r e  f o r  P = 1000 b. Below about  1000 C ,  t h c  gas p h a x  c o n s i s t s  

c h i e f l y  of H20, c 0 2 ,  and CH4; t h e  water c o n t e n t  d e c r e a s e s  s h a r p l y  w i t h  r i s i n g  

i 
0 

g a s  

t e m p e r a t u r e .  P and P are approximate ly  equal  and p a s s  through maxima 
cH4 m2 

where each  c o n s t i t u t e s  about  0 .25  P . Above about  1 0 0 0 ° C ,  11 and CO 

become dominant,  a l t h o u g h  t h e  gas  phase  s t i l l  c o n t a i n s  s i g n i f i c a n t  amounts 

g a s  2 

of a l l  f i v e  species. 

reduced b u f f e r  c u r v e s  a t  s l i g h t  a n g l e s  w i t h  r i s i n g  t e m p e r a t u r e .  I n  t h i s  

The fo  -T c u r v e  f o r  t h i s  system i n t e r s e c t s  p r o g r e s s i v e l y  
2 

i d e a l i z e d  c a s e ,  f a y a l i t e  would form i n  r o c k s  of  t h e  p r o p e r  composi t ion  a t  

about  540°C, wtistite a t  85OoC,  and metall ic i r o n  a t  116OOC. 

Minera l  Assemblages i n  M e t e o r i t e s  - 
Numerous r e c e n t  s t u d i e s  of  t h e  minera logy  and p e t r o l o g y  of m e t e o r i t e s  

have a t tempted  t o  apply  m i n e r a l o g i c a l  d a t a  t o  estimate c o n d i t i o n s  of f o r m a t i o n  

of t h e  v a r i o u s  classes ( s e e ,  e . g . ,  Ringwood, 1961;  Wood, 1962,  1963;  M u e l l e r ,  

1964) .  Cons iderable  s p e c u l a t i o n  h a s  involved  estimates of P and p o s s i b l e  

t h e o r i e s  f o r  e v o l u t i o n  of  t h e  v a r i o u s  t y p e s  under  d i f f e r i n g  d e g r e e s  of 
O 2  

r e d u c t i o n .  

The genera l  r e l a t i o n s h i p s  between g r a p h i t e  and t h e  composi t ion  of  t h e  

c o e x i s t i n g  g a s  phase sugges t  t h a t  t h e  o c c u r r e n c e  o f  g r a p h i t e  as  an  a c c e s s o r y  

minera l  i n  m e t e o r i t e s  i s  o f  g r e a t  s i g n i f i c a n c e  i n  a t t e m p t i n g  t o  e v a l u a t e  

c o n d i t i o n s  of  format ion .  G r a p h i t e  h a s  been observed  i n  s e v e r a l  c lasses  o f  

m e t e o r i t e s ,  most prominent ly  i n  t h e  i r o n s ,  b u t  a l s o  i n  s m a l l e r  amounts i n  

s t o n y  m e t e o r i t e s ,  n o t a b l y  c h o n d r i t e s  (Mason, 1958;  K r i n o v ,  1960;  Kamdohr, 

1962;  Andersen ,et a l . ,  1964;  Vdovykin, 1 9 6 4 ) .  

t 
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I n  p a r t i c u l a r ,  t h e  assemblage g r a p h i t e  + n i c k e l - i r o n  i s  common and 

widespread i n  b o t h  i r o n  and s t o n y  m e t e o r i t e s .  The r e s u l t s  of t h e  p r e s e n t  

s t u d y  sugges t  t h a t  t h i s  assemblage formed under  e x t r e m e l y  reducing  c o n d i t i o n s  

i n  which methane may have been a dominant component of t h e  c o e x i s t i n g  gas  

p h a s e ,  even a t  r e l a t i v e l y  h i g h  tempera tures .  For i n s t a n c e ,  a t  P = 1000 b. 

( F i g s .  5 ,  8 ) ,  t h e  upper  l i m i t  of  s t a b i l i t y  of  i r o n  + g r a p h i t e  i s  f i x e d  by 
g a s  

0 
t h e  M I  and W I  b u f f e r s ;  a t  a l l  tempera tures  below 1000 C ,  Pm,, exceeds 500 b.  

4 

Lower v a l u e s  of P w i t h i n  t h e  i r o n  s t a b i l i t y  f i e l d  w i l l  i n c r e a s e  t h e  con- 

t r i b u t i o n  of methane, even a t  h i g h e r  t e m p e r a t u r e s .  The r e p o r t e d  o c c u r r e n c e  
O2 

of q u a r t z  and t r i d y m i t e  i n  s e v e r a l  i ron-bear ing  m e t e o r i t e s  (see Anders ,  1964) 

s u g g e s t s  t h a t  a t  l eas t  some m e t e o r i t e s  have developed a t  very  low v a l u e s  of 

below t h e  QFI b u f f e r  where s i l i c a  and i r o n  can  c o e x i s t  w i t h o u t  f o r m a t i o n  

of f aya l i t e .  A t  these values of P ( F i g .  8) t h e  same P could  be main- 
O2 cH4 

0 t a i n e d  a t  t e m p e r a t u r e s  i n  e x c e s s  of  1200 C .  

The use of  b u f f e r  c u r v e s  f o r  pure i r o n  i n  t h i s  d i s c u s s i o n  w i l l  n o t  change 

t h e  g e n e r a l  c o n c l u s i o n s .  Even though t h e  n i c k e l - i r o n  i n  m e t e o r i t e s  w i l l  b e  

i n  e q u i l i b r i u m  w i t h  o x i d e  a t  h i g h e r  f values t h a n  p u r e  i r o n ,  c a l c u l a t i o n s  

s u g g e s t  t h a t  t h e  e f f e c t  w i l l  n o t  be l a r g e  f o r  s m a l l  n i c k e l  c o n t e n t s  (Olsen ,  
O 2  

1959) .  Fur thermore ,  t h e  metal phase i n  a t  l e a s t  one  class of m e t e o r i t e s ,  

t h e  basa l t ic  a c h o n d r i t e s ,  i s  s t r o n g l y  d e p l e t e d  i n  n i c k e l  (Duke, 1965) .  
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The o r i g i n  and e v o l u t i o n  of t h e  atmosphere and oceans  are of profound 

importance i n  c o n s i d e r a t i o n  of  such problems a s  t h e  o r i g i n  of t h e  e a r t h  and 

s o l a r  system, t h e  n a t u r e  o f  a n c i e n t  g e o l o g i c a l  p r o c e s s e s ,  and t h e  o r i g i n  

o f  l i f e  on e a r t h .  The purpose  of t h e  p r e s e n t  d i s c u s s i o n  i s  n o t  t o  review 

o r  e v a l u a t e  t h e  numerous t h e o r i e s  and voluminous l i t e r a tu re  on t h e  s u b j e c t  

( f o r . s u m m a r i e s ,  see R u t t e n ,  1962;  Brancaz io  and Cameron, 1964; Donn e t  a l . ,  

1 9 6 5 ) ,  bu t  t o  d i s c u s s  c e r t a i n  p o s s i b l e  p r o c e s s e s  r e l a t e d  t o  t h e  o c c u r r e n c e  

o f  g r a p h i t e  and o t h e r  m i n e r a l s  i n  t h e  e a r t h .  

Three genera l  methods have been used by earlier i n v e s t i g a t o r s  t o  

estimate t h e  c h a r a c t e r  of  t h e  p r i m o r d i a l  o r  Precambrian atmosphere e x i s t i n g  

a t  a t i m e  b e f o r e  d e p o s i t i o n  of most of t h e  p r e s e n t l y  p r e s e r v e d  sed imentary  

record  : 

(1) C a l c u l a t i o n  of t h e  amounts of  v o l a t i l e  compounds now p r e s e n t  i n  

t h e  atmosphere and oceans  which must have been produced by p r o c e s s e s  o t h e r  

t h a n  rock weather ing (Rubey, 1951) ; such "excess  v o l a t i l e s "  must e i t h e r  have 

been p r e s e n t  i n  a n  o r i g i n a l  atmosphere o r  must have been added by g r a d u a l  

o u t g a s s i n g  from t h e  i n t e r i o r  o f  t h e  e a r t h  d u r i n g  g e o l o g i c  t i m e .  

( 2 )  Use of thermodynamic e q u i l i b r i a  t o  d e t e r m i n e  re la t ive  amounts of 

d i f f e r e n t  v o l a t i l e  s p e c i e s  i n  t h e  atmosphere (Rubey, 1951;  H o l l a n d ,  1962,  

1964) .  

p o s s i b l e  e q u i l i b r i a ,  and because t h e  e q u i l i b r i u m  c o n s t a n t s  involved  are 

S t r o n g l y  temperature-dependent .  

and w i t h i n  t h e  pr imordia l  e a r t h  are s p e c u l a t i v e  and t h e  a r b i t r a r y  s e l e c t i o n  

of  h i g h  t e m p e r a t u r e s  i s  n o t  j u s t i f i e d .  

Such r e s u l t s  a r e  of l i m i t e d  v a l u e  because  t h e y  may n o t  c o n s i d e r  a l l  

Temperatures  e x i s t i n g  i n  a n c i e n t  a tmospheres  

, 

Fur thermore ,  i f  low s u r f a c e  t e m p e r a t u r e s  
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are p o s t u l a t e d ,  one cannot  assume t h a t  e q u i l i b r i u m  i s  e s t a b l i s h e d ,  e i t h e r  

w i t h i n  t h e  atmosphere o r  between t h e  atmosphere and s u r f a c e  rocks, any more 

t h a n  i t  i s  a t  p r e s e n t .  

( 3 )  Study of a n c i e n t  sedimentary rocks  t o  estimate Liie c h a r a c t e r  of 

t h e  atmosphere i n  which t h e y  formed. Many s t u d i e s  have c i t e d  t h e  o c c u r r e n c e  

of reduced m i n e r a l s  i n  sed iments  as  evidence t h a t  t h e  Precambrian atmosphere 

w a s  reduced w i t h  r e s p e c t  t o  t h e  p r e s e n t  one (Rankama, 1958;  Hol land ,  1962;  

Lepp and G o l d i c h ,  1964) .  These s t u d i e s ,  w h i l e  v a l u a b l e ,  a r e  hampered by 

two c o n d i t i o n s .  F i r s t ,  t h e r e  i s  no evidence t h a t  d e t r i t a l  m i n e r a l s  are 

n e c e s s a r i l y  e q u i l i b r a t e d  w i t h  t h e  atmosphere d u r i n g  e r o s i o n ,  t r a n s p o r t ,  and 

d e p o s i t i o n .  Such e q u i l i b r a t i o n  i s  g e n e r a l l y  n o t  a t t a i n e d  a t  p r e s e n t ;  m a g n e t i t e ,  

i r o n - t i t a n i u m  o x i d e s ,  and f e r r o u s  s i l i ca tes  are common d e t r i t a l  a c c e s s o r y  

m i n e r a l s ,  a l t h o u g h  t h e y  should o x i d i z e  t o  h e m a t i t e  o r  i r o n  hydroxides  i n  t h e  

p r e s e n t  atmosphere.  Second, t h e  e f f e c t s  of  b u r i a l ,  d i a g e n e s i s ,  and low- 

grade  metamorphism on t h e  mineralogy are d i f f i c u l t  t o  r e c o g n i z e .  The sediment 

may b e  e f f e c t i v e l y  i n s u l a t e d  from t h e  atmosphere i n  a l o c a l  reducing  e n v i r o n -  

ment soon a f t e r  d e p o s i t i o n .  F u r t h e r ,  t h e  p r e s e n c e  of o r g a n i c  matter o r  

g r a p h i t e  may produce reduced minera l  assemblages w i t h  v e r y  s l i g h t  i n c r e a s e s  

i n  t e m p e r a t u r e ,  d e s t r o y i n g  traces of o r i g i n a l  e q u i l i b r i u m  w i t h  t h e  atmosphere.  

It  h a s  been g e n e r a l l y  assumed t h a t  a reducing atmosphere l a c k i n g  f r e e  

oxygen e x i s t e d  a t  some p o i n t  i n  t h e  h i s t o r y  of  t h e  p r i m o r d i a l  e a r t h .  Such 

a n  atmosphere would be r e q u i r e d  f o r  t h e  development and p r e s e r v a t i o n  of 

o r g a n i c  compounds and t h e i r  eventua l  combinat ion i n t o  p r i m i t i v e  forms of 

l i f e  (see Rubey, 1951; Urey, 1952; Opar in ,  1957;  Miller and Urey, 1959;  

H o l l a n d ,  1962;  R u t t e n ,  1962) .  The e x a c t  c h a r a c t e r  of t h i s  a tmosphere i s  n o t  

a g r e e d  upon; it h a s  v a r i o u s l y  been proposed t h a t  CH4, 02, N 

dominant s p e c i e s .  

and H 0 were 2 2 
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tT,=?lar;d (1362) proposed a t h r e e - s t a g e  model f o r  developoent  of  t h e  atinosphere 

through o u t g a s s i n g  of  t h e  o r i g i n a l  c r u s t :  

ibr ium w i t h  m e t a l l i c  i r o n  a t  1200°C, composed of  CH 

l i q u i d  H 0 would a l s o  e x i s t  on t h e  s u r f a c e .  ( 2 )  A l a t e r  s t a g e  c o n t a i n i n g  

dominant N and minor H 0 and 03 produced by e q u i l i b r i u m  w i t h  m a g n e t i t e  i n  2 2 2 ’  

a more oxid ized  c r u s t ;  ( 3 )  A f i n a l  s t a g e  developed from p h o t o s y n t h e t i c  p r o d u c t i o n  

of oxygen and cor responding  t o  t h e  p r e s e n t  a tmosphere.  

(1) an  atmosphere formed i n  e q u i l -  

2;  H2 and minor H20 and N 4 ’  

2 

0 This model h a s  two s e r i o u s  o b j e c t i o n s .  F i r s t ,  t h e  tempera ture  of 1200 C ,  

w h i l e  n o t  unreasonable ,  is  a r b i t r a r y ;  because of  t h e  s t r o n g  dependence of 

e q u i l i b r i a  on t e m p e r a t u r e ,  a r b i t r a r y  s e l e c t i o n  of  t e m p e r a t u r e  s t r o n g l y  

c o n d i t i o n s  t h e  g a s  composi t ions  o b t a i n e d .  

( a t  an  assumed tempera ture  of 298 K) may n o t  be e s t a b l i s h e d ,  and t h e  c a l c u l a t e d  

composi t ions  may n o t  b e  a t t a i n e d .  

Second,  t h e  e q u i l i b r i a  i n  t h e  atmosphere 

0 

The p r e s e n t  d i s c u s s i o n  i s  somewhat similar t o  H o l l a n d ’ s  model,  and c o n s i d e r s  

t h e  problem of c o n v e r t i n g  an  o r i g i n a l  methane- r ich  atmosphere i n t o  water and 

03 th rough e q u i l i b r i a  between a g a s  phase  and a c c e s s o r y  m i n e r a l s  e x i s t i n g  t o  

moderate d e p t h s  w i t h i n  t h e  p r i m o r d i a l  e a r t h .  I n  t h e  proposed mechanism, 

o r i g i n a l  methane r e a c t s  w i t h  g r a p h i t e  and f e r r i c - i r o n - b e a r i n g  p h a s e s  a t  

t e m p e r a t u r e s  i n  e x c e s s  of 600 C t o  d e p t h s  of a f e w  hundred k i l o m e t e r s ,  p roducing  

water  and CO which are removed t o  a cool  s u r f a c e  t o  form oceans  and atmosphere.  

Such a mechanism does  n o t  r e q u i r e  low-temperature  e q u i l i b r i u m  between atmosphere 

and t h e  s u r f a c e  r o c k s  o r  between t h e  d i f f e r e n t  s p e c i e s  w i t h i n  t h e  atmosphere 

i t s e l f ;  t h e  s u r f a c e  t e m p e r a t u r e  can be low enough t o  p r e v e n t  r e - e q u i l i b r a t i o n  

of water and CO 

2 

0 

2 

t o  produce methane a g a i n .  2 

Such a mechanism i s  independent  of any d e t a i l e d  assumpt ions  about  t h e  

composi t ion ,  thermal h i s t o r y ,  and s t r u c t u r e  of  t h e  p r i m o r d i a l  e a r t h .  I t s  



o p e r a t i o n  r e q u i r e s  o n l y  a source  of  s u f f i c i e n t  o r i g i n a l  methane and a c c e s s o r y  

m i n e r a l s ,  s u f f i c i e n t  h e a t i n g  t o  a t t a i n  tempera tures  of  600 

moderate d e p t h s ,  and some mechanism f o r  removing t h e  p r o d u c t  g a s e s  t o  t h e  

0 t o  1000°C a t  
4 

s u r f a c e  through f i s s u r e  systems o r  by volcanism. I n  t h e  p r e s e n t  d i s c u s s i o n ,  

it i s  assumed t h a t  a l l  of  t h e  "excess  v o l a t i l e "  water  and CO (Rubey, 1951) 

o r i g i n a t e d  by t h i s  mechanism; i t  w i l l  be found t h a t  t h e  material r e q u i r e m e n t s  

Y 2 

f o r  even t h i s  extreme c a s e  are n o t  e x c e s s i v e .  D e s p i t e  t h e  obvious  o v e r s i m p l i f i -  

c a t i o n s ,  t h i s  mechanism i s  c o n s i s t e n t  with a v a r i e t y  o f  e a r t h  models ,  even 

though it n e g l e c t s  such s i g n i f i c a n t  problems as t h e  source  of  t h e  o r i g i n a l  

methane, t h e  t i m e  r e q u i r e d  f o r  t h e  t r a n s f o r m a t i o n ,  and t h e  p r e s e n c e  o r  absence 

of  a d i f f e r e n t i a t e d  c o r e  i n  t h e  pr imordia l  e a r t h  d u r i n g  t h e  p r o c e s s .  

Data from t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  methane o r i g i n a l l y  i n  e q u i l i b r i u m  

w i t h  g r a p h i t e  w i l l  be conver ted  t o  water and CO 

a t  h i g h e r  v a l u e s  of P g a s  ' 
A t  P = 1000 b . ,  t e m p e r a t u r e s  above 600 C are s u f f i c i e n t  f o r  complete 

c o n v e r s i o n  a t  v a l u e s  of  Po 

b u f f e r )  ( F i g .  10).  A t  minimum values of P w i t h i n  t h e  m a g n e t i t e  f i e l d ,  t h e  

maximum t e m p e r a t u r e  i s  about  950 C. I n c r e a s i n g  P t o  100 kb.  i n c r e a s e s  t h e  

maximum t e m p e r a t u r e  t o  about  1250 C. 

t e m p e r a t u r e s  w i l l  s u f f i c e  i f  w a t e r  and 03 are c o n t i n u a l l y  removed, a l l o w i n g  t h e  

r e a c t i o n  t o  proceed t o  comple t ion .  

w i t h  i n c r e a s i n g  t e m p e r a t u r e s ;  
2 

w a t e r  w i l l  form i n  e x c e s s  of CO ( F i g s .  9-10). 2 
0 

ga s 

w i t h i n  t h e  s t a b i l i t y  f i e l d  o f  m a g n e t i t e  (QEM 
2 

O 2  
0 

g a s  
0 I n  any case,  s i g n i f i c a n t l y  lower 

2 

. 
MacDonald (1959) h a s  c a l c u l a t e d  tempera ture  d i s t r i b u t i o n s  r e s u l t i n g  from 

r a d i o a c t i v e  h e a t i n g  i n  a number of pr imordia l  e a r t h  models a s  a f u n c t i o n  of 

t i m e  a f t e r  f o r m a t i o n .  The numerical  r e s u l t s  may be s u b j e c t  t o  l a t e r  m o d i f i c a t i o n  

(Wasserburg e t  a l . ,  1964) but  it appears  t h a t ,  f o r  numerous p o s s i b l e  models ,  

t e m p e r a t u r e s  of  800 

- 

0 
t o  1500°C could be a t t a i n e d  a t  100 t o  300 km. d e p t h  w i t h i n  



- 34 -. 

Actua l  r e a c t i o n s  w i l l  p robably  i n v o l v e  more complex f e r r o u s - f e r r i c  

s i l i c a t e s  such a s  g a r n e t s ,  amphiboles ,  and micas, b u t  t h e  s t o i c h i o m e t r y  w i l l  

b e  s i m i l a r  t o  t h e s e  examples. 

m a g n e t i t e  as a r e a c t a n t  and assuming a c o n v e r s i o n  e q u a t i o n  of t h e  form,  

~ The subsequent  c a l c u l a t i o n s  are made u s i n g  

I 

9 
10 y e a r s  a f t e r  format ion .  

1989) t h a t  i n i t i a l  t e m p e r a t u r e s  w e l l  above t h e s e  values  could have been 

r e a s o n a b l y  a t t a i n e d  d u r i n g  format ion  of t h e  e a r t h  by a c c r e t i o n .  

t h e  case,  methane would have been conver ted  t o  water and CC: almost  s imul taneous ly  

w i t h  format ion  of t h e  e a r t h  and would n o t  have e x i s t e d  withi6 ' the body f o r  any 

s i g n i f i c a n t  l e n g t h  of  t i m e .  I n  any case,  i t  a p p e a r s  t h a t  t h e  t e m p e r a t u r e s  

r e q u i r e d  could have been g e n e r a t e d ,  even though an  e x a c t  s p e c i f i c a t i o n  of t h e  

t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  body i s  n o t  p o s s i b l e .  

I n  f a c t ;  ~ a c ~ o n a ? d  has suggested (1959, p .  1987- 

c 

I f  t h i s  were 

2 

A w i d e  v a r i e t y  of  heterogeneous r e a c t i o n s  may occur  w i t h i n  t h e  e a r t h  

t o  c o n v e r t  methane i n t o  water and CO th rough r e a c t i o n  wit l ,  s o l i d  p h a s e s ;  
2 

t h e  f o l l o w i n g  a r e  some s imple  examples:  

1 CH4 + 2 Fe 0 = 2 H20 + C + 3R 3 4  1 ( 1 7 )  

CH4 + 2 Fe304 + 3 S i 0  = 3 Fe2Si04 + C + 2 H20 
2 (13)  

CH4 + 2 Fe 0 + 6 S i 0 2  = 6 FeSi03 + C + 2 H 2 0  3 4  (14)  

(15)  CH4 + 2 Fe304 = 6 FeO + C + 2 H20 

( 1 6 )  2 CH4 + Fe304 = 3 Fe + 2 C + 4 H 2 0  
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where R d e s i g n a t e s  a reduced phase  such a s  f a y a l i t e ,  f e r r o s i l i t e ,  wlistite, 

o r  i r o n .  The n e c e s s a r y  CO may b e  formed by r e a c t i o n  of a small amount of 

product  water w i t h  g r a p h i t e ,  i . e . ,  

2 

(18) C + 2 H20 = C 0 2  + 2 H2 

The v o l a t i l e  p r o d u c t s  are t r a n s p o r t e d  t o  t h e  s u r f a c e ,  where water 

condenses  and CO and H are incorpora ted  i n t o  t h e  o r i g i n a l  a tmosphere,  

t o g e t h e r  w i t h  an undetermined amount of N I f  t h e  ra te  of  i n t r o d u c t i o n  of  

H i s  s low,  it may e s c a p e  from t h e  atmosphere wi thout  b u i l d i n g  up a h i g h  

p a r t i a l  p r e s s u r e  (Hol land ,  1 9 6 2 ) .  

2 2 

2' 

2 

The amounts of "excess  v o l a t i l e ' '  water and CO which should be produced 2 

are (Rubey , 1951) : 

24 2 2  H20 : 1.66 x 10 gm. = 9.21 x 10 moles 

22 21 
c 0 2  : 9.1 x 10 gm. = 2 .07  x 10 moles  

From ( 1 7 )  and ( 1 8 ) ,  t h e  materials balance becomes ( i n  m o l e s ) :  

R e a c t a n t s  P r o d u c t s  

4.81 x 
m4 

22 
9.63 x 10 Fe304 

2 2  

21 

21 

H20 9.21 x 10 

2.07 x 10 

4.14 x 10 

co2 

H2 

C 
22 

4.61 x 10 

2 3  
R 1 .44  x 10 
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CICI  

The amount ~f methane r e q u i r e d ,  4.81 x l o L L  moles ,  would occupy an  STP 

1 2  3 volume of  1.08 x 10 km. , approximate ly  t h a t  of t h e  p r e s e n t  e a r t h .  I f  

t h i s  amount had o r i g i n a l l y  e x i s t e d  as an  a tmosphere ,  it would have e x e r t e d  a 

s u r f a c e  p r e s s u r e  of  about  140 b .  and would have been about  300 km. deep 

( s c a l e  h e i g h t  1 5  km.). 

any o r i g i n a l  methane w a s  p robably  produced g r a d u a l l y  o r  e x i s t e d  o r i g i n a l l y  

i n  t h e  pr imordia l  e a r t h .  

These v a l u e s  a r e  probably  e x c e s s i v e  and sugges t  t h a t  

Some simple c a l c u l a t i o n s  w i l l  show t h a t  t h i s  r e q u i r e d  methane could  have 

been e a s i l y  conta ined  w i t h i n  a p r i m o r d i a l  e a r t h  as e i t h e r  f r e e  g a s  o r  o r g a n i c  

compounds which could y i e l d  methane on h e a t i n g .  

a p r i m o r d i a l  e a r t h  a c c r e t e d  o u t  of material similar t o  t h e  carbonaceous 

c h o n d r i t e s ,  a l though t h e  chemical composi t ion  i s  n o t  c r i t i c a l  t o  t h e  d i s c u s s i o n .  

A body of t h e  same mass as t h e  p r e s e n t  e a r t h ,  w i t h  a d e n s i t y  of  2.5 gm./cm. , 

The would have a r a d i u s ,  Ro = 8300 km. and a volume, 

r e q u i r e d  methane, 7.72 x 10 gm., would be less t h a n  0.00015 of  t h e  mass of  

t h i s  body. For a p r i m o r d i a l  e a r t h  w i t h  a mean p o r o s i t y  of 1 p e r  c e n t  i n  i t s  

upper  p a r t ,  a s u r f a c e  p r e s s u r e  of  1 b . ,  a un i form p r e s s u r e  g r a d i e n t ,  and a 

c o n s t a n t  o r i g i n a l  tempera ture  of  298 K ,  t h e  volume n e c e s s a r y  t o  c o n t a i n  t h e  

r e q u i r e d  methane can be d e r i v e d .  

For d i s c u s s i o n ,  we can p o s t u l a t e  

3 

= 2.39 x 10l2 km.3. 
vO 

23 

0 

A t  a depth o f  h km. from t h e  s u r f a c e ,  t h e  l i t h o s t a t i c  p r e s s u r e  i n  b a r s  - 
i s  equal  t o  pgh = 250 h ,  and t h e  average  p r e s s u r e  from t h e  s u r f a c e  t o  a d e p t h  

h ,  i s  

rock r e q u i r e d  t o  c o n t a i n  t h e  g a s ,  can be c a l c u l a t e d  from t h e  r e l a t i o n s h i p :  

= 125 h. I f  BOyle'S Law a p p l i e s  t o  t h e  g a s ,  t h e n  Vh ,  t h e  volume o f  - 

= 0.01 P vh = 1.08 x 10 1 2  km. 3 vSTP 
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V 
11 h-l 

Vh = 0.8 - ST!? = 8.64  x 10 h 

For a s h e l l  from t h e  s u r f a c e  t o  a d e p t h  h ,  

3 
= Vo - 4/3IT ( R  - h )  'h 0 

S o l u t i o n  of  t h e  e q u a t i o n s  i n d i c a t e s  t h a t  a s h e l l  about  35 km. t h i c k  would 

c o n t a i n  a l l  r e q u i r e d  methane. The g a s  could be c o n t a i n e d  a t  a l a r g e r  d e p t h  

i n  a c o r r e s p o n d i n g l y  smaller volume. The e x a c t  r e s u l t s  a r e  u n c e r t a i n  because  

of  t h e  numerous assumpt ions ,  b u t  i t  appears  t h a t  a p r i m o r d i a l  e a r t h  of any 

r e a s o n a b l e  composi t ion  might b e  expected t o  c o n t a i n  s u f f i c i e n t  methane f o r  

p r o d u c t i o n  of  t h e  "excess  v o l a t i l e s "  by t h e  mechanism sugges ted .  

It  i s  n o t  unreasonable  t o  assume t h a t  t h e  m a t e r i a l  i n  t h e  upper  r e g i o n  

of  t h e  p r i m o r d i a l  e a r t h  c o n t a i n e d  a t  least  1 p e r  c e n t  by weight  of m a g n e t i t e ;  

such a c o n d i t i o n  i s  m e t  by many terrestrial  r o c k s  of  wide ly  v a r y i n g  chemical 

composi t ion  and a l s o  by t h e  carbonaceous c h o n d r i t e s  (Mason, 1958) .  For such 

mater ia l ,  each km.3 of  rock c o n t a i n s  5.18 x 1013 moles of m a g n e t i t e  and 

4.30 x 10 km. of rock w i l l  supply  t h e  m a g n e t i t e  needed f o r  complete  r e a c t i o n .  

T h i s  volume of rock cor responds  t o  a sphere  of  r a d i u s  4680 km., o r  t o  a s h e l l  

11 3 

from t h e  s u r f a c e  of t h e  p r e s e n t  e a r t h  t o  a d e p t h  of 990 km. ( t h e  cor responding  

t h i c k n e s s  f o r  t h e  p r i m o r d i a l  e a r t h  p o s t u l a t e d  above would be about  550 km.). 

It i s  n o t  n e c e s s a r y  t o  sugges t  t h a t  r e a c t i o n  a c t u a l l y  occurred  a t  such  

g r e a t  d e p t h s  if Some method of  convec t ion  o p e r a t e d  t o  b r i n g  f r e s h  material 

t o  s h a l l o w e r  l e v e l s .  For example,  i f  r e a c t i o n  can o c c u r  t o  a d e p t h  of o n l y  

1 km., a t o t a l  of 850 o v e r t u r n  c y c l e s  would be needed t o  supply  t h e  r e q u i r e d  

m a g n e t i t e .  The number of c y c l e s  r e q u i r e d  d e c r e a s e s  approximate ly  l i n e a r l y  as 
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t h e  t h i c k n e s s  of t h e  r e a c t i n g  ?ajrei i s  i n c r e a s e d ;  t h u s ,  a 20-km. l a y e r  r e q u i r e s  

about  40 renewals ,  and a 100-km. s h e l l  o n l y  9 .  I f  such convec t ion  t a k e s  p l a c e  

a t  r a t e s  e s t i m a t e d  f o r  t h e  p r e s e n t  e a r t h  (about  1 cm. /yr . ;  Orowan, 19641, 

material could move t o  t h e  s u r f a c e  €rom a d e p t h  of 1000 km. i n  about 10 

y e a r s .  The o p e r a t i o n  of  such a mechanism would n o t  change t h e  t o t a l  amount 

o t  magnet i te  r e q u i r e d ,  b u t  would a l l o w  r e a c t i o n  t o  be r e s t r i c t e d  t o  a narrow 

zone c l o s e r  t o  t h e  s u r f a c e .  

8 

The amount o f  hydrogen produced by complete  r e a c t i o n ,  4.14 x 1021 moles 

or 8.34  x 10 grams, would e x e r t  a maximum s u r f a c e  p r e s s u r e  of about  1 . 5  b .  

However, l o s s  of hydrogen i n t o  space  would t e n d  t o  keep P a t  a lower value 

( H o l l a n d ,  1962) .  

2 1  

H2 

21 The t o t a l  CO produced,  2.07 x 10 m o l e s ,  would have e x e r t e d  a s u r f a c e  

p r e s s u r e  of about 1 7  b. P r e c i p i t a t i o n  of  c a r b o n a t e  sed iments  would p r o b a b l y  

have o c c u r r e d  long b e f o r e  such a h i g h  v a l u e  was reached (Rubey, 1951) and it  

i s  q u e s t i o n a b l e  whether l i f e  could have o r i g i n a t e d  and s u r v i v e d  under  such a 

h i g h  CO p r e s s u r e .  These r e s u l t s  suggest  a g r a d u a l  e v o l u t i o n  of  cx) i n t o  t h e  

atmosphere (Rubey, 1 9 5 1 ) .  

2 

2 2 

Disposal  o f  t h e  h y p o t h e t i c a l  s o l i d  p r o d u c t s  i s  n o t  d i f f i c u l t .  The 

2 2  g r a p h i t e  produced,  4 .61 x 10 moles ,  would form a s p h e r e  about  390 km. i n  

r a d i u s ,  o r  a l a y e r  on t h e  s u r f a c e  o f  t h e  e a r t h  about  0 . 5  km. t h i c k .  However, 

i f  it c o n s t i t u t e d  1 p e r  c e n t  of t h e  upper  p a r t  o f  t h e  e a r t h ,  it could be 

d i s p e r s e d  i n  a l a y e r  50 km. t h i c k .  I f  t h e  reduced p h a s e ,  R ,  i s  cons idered  

a s  i r o n ,  a volume o f  1 . 0 3  x 10 km. i s  produced ,  c o r r e s p o n d i n g  t o  a s p h e r e  

about  625  km. i n  r a d i u s  o r  t o  1 p e r  c e n t  of t h e  e a r t h  t o  a d e p t h  of about  

200 km. If  tempera tures  above t h e  m e l t i n g  p o i n t  of  i r o n  are r e a c h e d ,  t h e  

metal could s e g r e g a t e  toward t h e  c e n t e r .  Other  reduced p h a s e s  which could  

9 3 
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develop  would have s l i g h t l y  l a r g e r  volumes, b u t  could  s t i l l  be d i s t r i b u t e d  as 

small p e r c e n t a g e s  o f  t h e  m a t e r i a l  i n  t h e  upper  p a r t  o f  t h e  e a r t h .  

D e s p i t e  t h e  o v e r s i m p l i f i e d  assumptions of  t h i s  model and t h e  u n c e r t a i n t i e s  

i n  t h e  c a l c u l a t i o n s ,  i t  does a p p e a r  t h a t  a l l  t h e  "excess  v o l a t i l e "  water and 

CO now p r e s e n t  could  have o r i g i n a t e d  from r e a c t i o n  of o r i g i n a l  methane w i t h  

a c c e s s o r y  m i n e r a l s  a t  moderate d e p t h s  wi th in  t h e  e a r t h .  Such a model h a s  

two s i g n i f i c a n t  advantages .  F i r s t ,  no r i g o r o u s  assumptions a r e  needed as t o  

t h e  o r i g i n a l  minera logy  and composi t ion of t h e  e a r t h ;  t h e  r e a c t i o n s  i n v o l v e  

o n l y  small amounts of a c c e s s o r y  m i n e r a l s ,  and g r o s s  m i n e r a l o g i c a l  c h a r a c t e r i s t i c s  

a r e  u n a f f e c t e d .  Second,  t h e r e  i s  no n e c e s s i t y  f o r  e q u i l i b r i u m  between t h e  

atmosphere and t h e  s u r f a c e  rock  a t  any time. 

2 

The h i g h  c a l c u l a t e d  s u r f a c e  p r e s s u r e  f o r  o r i g i n a l  methane,  about  140 b., 

s u g g e s t s  t h a t  it d i d  n o t  form an atmosphere p r i o r  t o  r e a c t i o n .  me r e q u i r e d  

methane could  have been c o n t a i n e d  w i t h i n  the upper  levels of t h e  e a r t h ,  

a l t h o u g h ,  i f  t e m p e r a t u r e s  above 1000 C e x i s t e d  i n  t h i s  r e g i o n  soon a f t e r  

a c c r e t i o n  (MacDonald, 1 9 5 9 ) ,  methane would n o t  remain i n  e q u i l i b r i u m  w i t h  

m a g n e t i t e - g r a p h i t e  assemblages ,  and convers ion  t o  water and CO would have 

proceeded r a p i d l y .  

h i g h  s u r f a c e  p r e s s u r e ,  s u g g e s t i n g  t h a t  it w a s  evolved g r a d u a l l y  u n t i l  f o r m a t i o n  

of c a r b o n a t e - b e a r i n g  sed iments  could occur  (Rubey, 1951) .  

0 

2 

The product  C02 would a l s o  have e x e r t e d  an  unreasonably  

T h i s  mechanism i s  i n  g e n e r a l  agreement w i t h  models of  atmosphere develop-  

ment proposed ear l ier  (Rubey, 1951 ; Holland,  1962) .  However, c o n s i d e r a t i o n  

of  p o s s i b l e  he te rogeneous  r e a c t i o n s  a t  d e p t h  removes t h e  n e c e s s i t y  f o r  an  

o r i g i n a l  methane- r ich  atmosphere.  The model l e a d s  d i r e c t l y  t o  an  atmosphere 

e n r i c h e d  i n  water,  c 0 2 ,  and N~ which resembles  t h e  second s t a g e  of H o l l a n d ' s  
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3 
(1962) model o r  t h e  o r i g i n a l  a tmosphere proposed by Rubey (1951) .  

The m a t e r i a l s - b a l a n c e  method used h e r e  g i v e s  no i n d i c a t i o n  of t h e  

t i m e  requi red  t o  produce t h e  water and CO 

p r o d u c t i o n  h a s  been c o n s t a n t  throughout  g e o l o g i c  t i m e .  

o r  of whether  t h e  r a t e  Of 
2 

Rubey (1951,  p .  1138)  

h a s  poin ted  o u t  t h a t  t h e  p r e s e n t  ra te  of i n t r o d u c t i o n  o f  v o l a t i l e s  t o  t h e  

s u r f a c e  could product  t h e  r e q u i r e d  amounts d u r i n g  g e o l o g i c  t i m e .  There i s  

t h u s  no reason t o  r e q u i r e  l a r g e  p r o d u c t i o n  of v o l a t i l e s  e a r l y  i n  t h e  e a r t h ' s  

h i s t o r y ,  but t h e  mechanism d e s c r i b e d  would be c o n s i s t e n t  w i t h  e i t h e r  model. 

I f  temperatures i n  t h e  atmosphere are t o o  low f o r  e s t a b l i s h m e n t  of  

e q u i l i b r i u m ,  f u r t h e r  composi t iona l  changes w i l l  depend l a r g e l y  on t h e  

i n i t i a t i o n  of p h o t o s y n t h e s i s  t o  produce t h e  p r e s e n t  oxygenated atmosphere.  

The d a t e  f o r  t h e  o r i g i n  of l i f e  and t h e  magnitude of p h o t o s y n t h e t i c  e f f e c t s  

are u n c e r t a i n ;  t h e  d i s c o v e r y  of  a p p a r e n t l y  p h o t o s y n t h e t i c  algae i n  Precambrian 

rocks  (Rut ten ,  1962;  Barghoorn and Tyler, 1965) i n d i c a t e s  t h a t  p h o t o s y n t h e s i s  

9 w a s  o p e r a t i v e ,  a t  l eas t  l o c a l l y ,  as much as 2 x 10 y e a r s  ago ,  a r e s u l t  which 

must be included i n  any c o n s i d e r a t i o n  of t h e  e v o l u t i o n  of  t h e  atmosphere. 
, 

(Cloud,  1965) .  

3The system s t u d i e d ,  i n c l u d i n g  o n l y  C ,  H ,  and 0 ,  g i v e s  no i n d i c a t i o n  

of t h e  behavior  of N d u r i n g  o x i d a t i o n  of t h e  methane. Higher  v a l u e s  of 
2 

promote t h e  decomposi t ion of NH t o  N and H 2 ,  and i t  i s  p r o b a b l e  t h a t  3 2 

such r e a c t i o n ,  o c c u r r i n g  i n  p a r a l l e l  w i t h  t h e  o x i d a t i o n  o f  methane,  could  

produce t h e  observed N 

N 2  (Rubey, 1951, p .  1116) i s  4 . 2  x 10 

0.002 of t h e  amount of water and CO 

i n  t h e  atmosphere.  me amount of " e x c e s s  v o l a t i l e "  2 
21 gm. o r  1 . 5  x lo2' m o l e s ,  about  

r e q u i r e d .  2 

.. 
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GENERAL O N C L U S I O N S  

(1) The s t u d y  of  e q u i l i b r i u m  between t h e  minera l  g r a p h i t e  and a 

c o e x i s t i n g  g a s  phase  i n  t h e  system C-H-O i s  of extreme s i g n i f i c a n c e  i n  

e s t i m a t i n g  c o n d i t i o n s  of f o r m a t i o n  of g r a p h i t e - b e a r i n g  minera l  assemblages 

which o c c u r  i n  metamorphosed sed iments ,  i n  c e r t a i n  igneous  r o c k s ,  and i n  

s e v e r a l  c l a s s e s  o f  i r o n  and s t o n y  m e t e o r i t e s .  I d e a l l y ,  t h e  system g r a p h i t e  + 

g a s  i s  t r i v a r i a n t ;  i n  t h e  p r e s e n t  s tudy ,  v a l u e s o f  T ,  P and f are  
O 2  g a s '  

and P i n  t h e  
c 0 2 '  'CO' 'H20' 'H2' m4 

i n d e p e n d e n t l y  s p e c i f i e d .  Values of P 

c o e x i s t i n g  g a s  phase are then  e x p l i c i t l y  c a l c u l a t e d  w i t h  a high-speed computer.  

The numerical  r e s u l t s  s u p p o r t  some g e n e r a l  c o n c l u s i o n s  about  t h e  composi t ion 

of t h e  g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e - b e a r i n g  assemblages o v e r  a 

range of t e m p e r a t u r e s  and g a s  p r e s s u r e s  a t t a i n a b l e  i n  g e o l o g i c a l  environments .  

( 2 )  The c o n t r i b u t i o n  of methane,  CH t o  t h e  g a s  phase  i n  e q u i l i b r i u m  4'  

w i t h  g r a p h i t e - b e a r i n g  assemblages i s  s i g n i f i c a n t  o v e r  a wide range of 

g e o l o g i c a l l y  r e a l i z a b l e  c o n d i t i o n s .  In  a modera te ly  reduced g a s  p h a s e ,  methane 

may c o n s t i t u t e  30 t o  50 p e r  c e n t  of the  t o t a l  g a s  p r e s s u r e ,  w i t h  t h e  e x c e s s  

composed c h i e f l y  of water and 00 Under c o n d i t i o n s  o f  even lower P , t h e  

g a s  phase  may be a lmost  e n t i r e l y  methane. The e x i s t e n c e  o f  s i g n i f i c a n t  amounts 

of methane i n  t h e  g a s  phase  i s  i n d i c a t e d  by t h e  p r e s e n c e  of m i n e r a l s  s table  

a t  low Po , such as f a y a l i t e ,  w t l s t i t e ,  and n a t i v e  i r o n .  

O2 2 '  

2 
( 3 )  G r a p h i t e  i n  a sediment w i l l  a c t  t o  produce i n c r e a s i n g l y  reduced 

m i n e r a l  assemblages d u r i n g  r i s i n g  tempera tures  a s s o c i a t e d  w i t h  p r o g r e s s i v e  

metamorphism. Such a mechanism may e x p l a i n  t h e  commonly observed r e d u c t i o n  

of o r i g i n a l  sed iments  w i t h  i n c r e a s i n g  metamorphic g r a d e  i n  b o t h  r e g i o n a l  and 

contact-metamorphic  environments .  I n  p a r t i c u l a r ,  t h e  e x i s t e n c e  of  g r a p h i t e  
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o r  e q u i v a l e n t  o r g a n i c  matter w i l l  reduce o r i g i n a l  h e m a t i t e  t o  m a g n e t i t e  a t  

v e r y  low tempera tures .  

(4) Because of  t h e  low gram-molecular weight  of g r a p h i t e ,  t race amounts 

w i l l  be s u f f i c i e n t  Lo ac t  as an  e f f e c t i v e  i n t e r n a l  oxygen b u f f e r  i n  systems 

as small as i n d i v i d u a l  rock l a y e r s .  

rocks  o v e r  s h o r t  d i s t a n c e s  may b e  c o n d i t i o n e d  by t h e  p r e s e n c e  o r  absence  of 

g r a p h i t e  i n  t h e  assemblage;  a d e f i n i t e  d i s t i n c t i o n  between t h e  two cases i s  

n e c e s s a r y  f o r  a d e t a i l e d  s t u d y  of such r o c k s .  

Obserired d i f f e r e n c e s  i n  Po i n  metamorphic 
2 

( 5 )  The e q u i l i b r i u m  r e l a t i o n s  sugges t  a model f o r  t h e  development and 

e v o l u t i o n  of t h e  e a r t h ' s  atmosphere i n  which o r i g i n a l  methane i s  o x i d i z e d  

t o  water  and 00 by r e a c t i o n  w i t h  trace amounts of  g r a p h i t e  and f e r r o u s -  

f e r r i c  m i n e r a l s  such as m a g n e t i t e  i n  t h e  upper  p a r t  of t h e  p r i m o r d i a l  e a r t h .  

Even f o r  maximum r e q u i r e d  water and CO t h e  m a t e r i a l s  needed are  n o t  
2 '  

e x c e s s i v e  and could  r e a s o n a b l y  have been c o n t a i n e d  w i t h i n  a v a r i e t y  of p o s s i b l e  

p r i m o r d i a l  e a r t h s .  Such a mechanism i s  independent  of t h e  g r o s s  composi t ion 

and mineralogy of  t h e  e a r t h  and does  n o t  r e q u i r e  h i g h  s u r f a c e  t e m p e r a t u r e s  

o r  e s t a b l i s h m e n t  of e q u i l i b r i u m  between atmosphere and s u r f a c e .  The r e a c t i o n s  

can  t h e r e f o r e  b e  a p p l i e d  t o  a wide range of proposed o r i g i n s  f o r  t h e  e a r t h ,  

i t s  atmosphere,  and i t s  oceans .  P o s s i b l e  r e a c t i o n  p r o d u c t s  are g r a p h i t e ,  

hydrogen,  and i r o n ,  a l l  of  which could  be i n c o r p o r a t e d  i n t o  t h e  p r i m o r d i a l  

e a r t h  w i t h o u t  d i f f i c u l t y .  The t i m e  r e q u i r e d  f o r  comple t ion  o f  t h e  p r o c e s s  

i s  i n d e t e r m i n a t e ,  a l t h o u g h  t h e  c a l c u l a t e d  h i g h  s u r f a c e  p r e s s u r e s  of b o t h  

r e a c t a n t  methane and product  CO f a v o r  t h e  i n t e r p r e t a t i o n  t h a t  a r e l a t i v e l y  

l o n g  p e r i o d  of t ime was involved  (Rubey, 1951;  H o l l a n d ,  1962) .  However, 

t h e  p r o c e s s  could have been completed e a r l y  i n  t h e  Precambrian b e f o r e  most of 

t h e  a v a i l a b l e  sedimentary record  o r i g i n a t e d .  

2 

2 
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I n  summary, g r a p h i t e  i s  a common and widespread a c c e s s o r y  mine ra l  i n  

bo th  t e r res t r ia l  and e x t r a t e r r e s t r i a l  rocks .  It i s  of p a r t i c u l a r  impor tance  

because  of i t s  r e l a t i o n s h i p  t o  t h e  composi t ion o f  a c o e x i s t i n g  g a s  phase  i n  

t h e  system C-H-0. The p r e s e n c e  o f  g r a p h i t e  i n  a m i n e r a l  assemblage t h u s  

p r o v i d e s  an a d d i t i o n a l  c o n s t r a i n t  on t h e  c o n d i t i o n s  o f  t e m p e r a t u r e ,  p r e s s u r e ,  

and composi t ion  i n  which t h e  assemblage formed. Fur the rmore ,  changes i n  

composi t ion  o f  t h e  c o e x i s t i n g  g a s  phase i n  r e sponse  t o  changes i n  t e m p e r a t u r e  

have c o n s i d e r a b l e  s i g n i f i c a n c e  f o r  s t u d i e s  of p r o g r e s s i v e  metamorphism and 

f o r  s p e c u l a t i o n s  abou t  t h e  o r i g i n  and development of t h e  terrestrial  

a tmosphere .  For t h e s e  r e a s o n s ,  t h e  d e t e c t i o n  and i d e n t i f i c a t i o n  o f  even 

trace amounts of g r a p h i t e  i n  a mine ra l  assemblage are of p a r t i c u l a r  impor tance  

t o  p e t r o l o g i c  s t u d i e s .  
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FIGURE CAPTIONS 

1. Ca lcu la t ed  composition of a g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as 

a f u n c t i o n  of f f o r  a t empera tu re  of  327'C (600'K) and tot 'a l  gas 
0 ,  

L 

p r e s s u r e s  of 1 b a r ,  1000 bars, and 10 k i l o b a r s .  

a2, 00, H20, H 2 ,  and CH,+ are p l o t t e d  a g a i n s t  Log f ; dashed e x t e n s i o n s  

Values of Loglo Pi f o r  

10 o2 

002 
of t h e  cu rves  i n d i c a t e  imposs ib l e  v a l u e s  f o r  which P + Pa > P  gas . 
V e r t i c a l  l i n e s  above t h e  c u r v e s  i n d i c a t e  f v a l u e s  f o r  so l id -phase  

0 ,  

oxygen b u f f e r s .  
L 

I 

2 .  Calcu la t ed  composi t ion  of  a gas phase  i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as a 

0 0 
f u n c t i o n  of f f o r  a t empera tu re  of 627 C (900 K )  and t o t a l  gas  p r e s s u r e s  

of 1 b a r ,  1000 bars,  and 10 k i l o b a r s .  Values o f  Log 

H 2 0 ,  H 2 ,  and CH4 are p l o t t e d  a g a i n s t  Log f ; dashed e x t e n s i o n s  of  t h e  

c u r v e s  i n d i c a t e  imposs ib l e  values f o r  which P + P > P . Vertical 

O2 
P. for OO2, 00, 

10 1 

10 o 2  

00 gas 032 
l i n e s  above t h e  curves i n d i c a t e  f values f o r  so l id -phase  oxygen b u f f e r s .  

O2 

3.  C a l c u l a t e d  composi t ion  of a gas phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as  a 

f u n c t i o n  of f 

of 1 b a r ,  1000 bars ,  and 10 k i l o b a r s .  Va lues  of  Log 

H 2 0 ,  H2 and CH4 are p l o t t e d  a g a i n s t  Log 

c u r v e s  i n d i c a t e  imposs ib l e  values f o r  which P + POD > P . Vertical  

1 i n e s  above t h e  c u r v e s  i n d i c a t e  f v a l u e s  f o r  s o l  id -phase  oxygen b u f f e r s .  

0 
f o r  a t empera tu re  of  927 C (12m°K) and t o t a l  gas p r e s s u r e s  

O2 
P. f o r  OO2, 00, 

10 1 

f ; dashed e x t e n s i o n s  of t h e  
10 o 2  

O02 gas  

O2 
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4. Calcula ted  composi t ion of a g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  

as a f u n c t i o n  of tempera ture  f o r  f v a l u e s  s p e c i f i e d  by t h e  

quartz-fayalite-magnetite b u f f e r .  Total  g a s  p r e s s u r e  e q u a l s  1000 

bars ( l e f t )  and 10 k i l o b a r s  ( r i g h t ) .  Values  of Log 

H 2 0 ,  H 2 ,  and CH 

t h e  diagrams;  cor responding  values of Log f are p l o t t e d  i n  t h e  

lower p a r t .  

O 2  

P.  f o r  OO2, 03, 

are p l o t t e d  a g a i n s t  t empera ture  i n  t h e  upper  p a r t  of 

10 1 

4 

10 o2 

5 .  Calcula ted  composi t ion of a g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as 

a f u n c t i o n  of tempera ture  f o r  f 

m a g n e t i t e - i r o n  and magnet i te-wtis t i te  b u f f e r s .  T o t a l  g a s  p r e s s u r e  

e q u a l s  1000 b a r s .  

are p l o t t e d  a g a i n s t  t empera ture  i n  t h e  upper p a r t  o f  t h e  d iagram;  

cor responding  v a l u e s  of Loglo fo are p l o t t e d  i n  t h e  lower p a r t .  

v a l u e s  s p e c i f i e d  by t h e  combined 
O2 

Values  of Loglo Pi for COZ, 00, H 2 0 ,  H 2 ,  and CH4 

2 

6. C a l c u l a t e d  composi t ion of a gas phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as 

a f u n c t i o n  of tempera ture  f o r  fo  v a l u e s  c o n t r o l l e d  by t h e  combined 

m a g n e t i t e - i r o n  and w l l s t i t e - i r o n  b u f f e r s .  T o t a l  gas p r e s s u r e  e q u a l s  
2 

1000 b a r s .  Values  of Log P .  f o r  OO2,  00,  HZO, H 2 ,  and CH are p l o t t e d  

a g a i n s t  t empera ture  i n  t h e  upper p a r t  of  t h e  diagram; cor responding  

10 1 4 

v a l u e s  are p l o t t e d  i n  t h e  lower p a r t .  
f o 2  

7.  C a l c u l a t e d  mole p e r c e n t a g e s  of methane, CH,+, as a f u n c t i o n  of tempera ture  

i n  a gas  phase c o e x i s t i n g  w i t h  g r a p h i t e  a t  f 

v a r i o u s  so l id-phase  oxygen b u f f e r s .  T o t a l  g a s  p r e s s u r e  e q u a l s  1 b a r .  

v a l u e s  e s t a b l i s h e d  by 
O 2  
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8 .  C a l c u l a t e d  mole p e r c e n t a g e s  of methane, CH4, as a f u n c t i o n  of  t e m p e r a t u r e  

i n  a g a s  phase c o e x i s t i n g  w i t h  g r a p h i t e  a t  f 

v a r i o u s  s o l i d - p h a s e  oxygen b u f f e r s .  Tota l  g a s  p r e s s u r e  e q u a l s  1000 b a r s .  

v a l u e s  e s t a b l i s h e d  by 
O 2  

9 .  Calcu la ted  p a r t i a l  p r e s s u r e s  of 00 a, H 2 0 ,  H2 and CH as a f u n c t i o n  

of tempera ture  f o r  g a s  phases  c o e x i s t i n g  w i t h  g r a p h i t e .  T o t a l  g a s  

p r e s s u r e  equals  1 b a r .  

by t h e  quartz-fayalite-magnetite b u f f e r  ( s o l i d  l i n e s )  and by t h e  

combined m a g n e t i t e - i r o n  and magnet i te -wt t s t i t e  b u f f e r s  (dashed l i n e s ) .  

2 '  4 

The c u r v e s  correspond t o  v a l u e s  of f o  s p e c i f i e d  
2 

10. Calcula ted  p a r t i a l  p r e s s u r e s  of  00 00, H 2 0 ,  H 2 ,  and CHq as a f u n c t i o n  2 '  

of temperature f o r  g a s  p h a s e s  c o e x i s t i n g  w i t h  g r a p h i t e .  T o t a l  g a s  

p r e s s u r e  e q u a l s  1000 b a r s .  

s p e c i f i e d  by t h e  quartz-fayalite-magnetite b u f f e r  ( s o l i d  l i n e s )  and 

by t h e  combined m a g n e t i t e - i r o n  and magnet i te -wUst i te  b u f f e r s  (dashed 

l i n e s ) .  

The c u r v e s  cor respond t o  v a l u e s  of f 
O2 

11. C a l c u l a t e d  tempera ture  - t o t a l  g a s  p r e s s u r e  c u r v e s  which r e p r e s e n t  t h e  

upper  l i m i t s  of s t a b i l i t y  of v a r i o u s  s o l i d - p h a s e  b u f f e r  assemblages  w i t h  

g r a p h i t e  and a g a s  phase .  

u n i v a r i a n t  c u r v e s  a long  t h e  f 

The c u r v e s  are a c t u a l l y  p r o j e c t i o n s  o f  

a x i s  o n t o  t h e  P -T p l a n e .  
O2 g a s  

12 .  Calcu la ted  v a l u e s  of p and P i n  a g a s  phase  i n  e q u i l i b r i u m  w i t h  
H2° 032 

g r a p h i t e  a t  a t o t a l  gas  p r e s s u r e  of 100 bars. A t  e a c h  t e m p e r a t u r e ,  

p e r m i s s i b l e  composi t ions  l i e  on curved i s o t h e r m s  ( s o l i d  l i n e s ) .  Dashed 

l i n e s  i n d i c a t e  e s t i m a t e d  composi t ions  f o r  a g a s  phase  i n  e q u i l i b r i u m  

w i t h  g r a p h i t e  and v a r i o u s  s o l i d - p h a s e  b u f f e r  assemblages .  
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13. C a l c u l a t e d  v a l u e s  of P and Pa i n  a g a s  phase  i n  e q u i l i b r i u m  w i t h  
H2° 2 

g r a p h i t e  a t  a t o t a l  g a s  p r e s s u r e  of 1000 b a r s .  A t  each  t e m p e r a t u r e ,  

p e r m i s s i b l e  composi t ions  1 i e  on curved i s o t h e r m s  ( s o l  i d  1 i n e s )  . 
Dashed l i n e s  i n d i c a t e  e s t i m a t e d  composi t ions  f o r  a g a s  phase i n  

e q u i l i b r i u m  w i t h  g r a p h i t e  and v a r i o u s  s o l i d - p h a s e  b u f f e r  assemblages .  

14. Values  of f e s t a b l i s h e d  i n  a g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  

as a f u n c t i o n  of tempera ture  f o r  t o t a l  g a s  p r e s s u r e s  of 1 bar and 
O2 

2000 b a r s .  V a l u e s  f o r  a system i n  which t h e  H/O r a t i o  of t h e  g a s  

phase  i s  f i x e d  a t  2/1 (heavy s o l i d  l i n e s ) ,  cor responding  t o  p r o g r e s s i v e  

metamorphism of a g r a p h i t e - b e a r i n g  sediment c o n t a i n i n g  i n t e r s t i t i a l  

water, f a l l  c l o s e  t o  t h o s e  c a l c u l a t e d  f o r  t h e  system C-0 (heavy dashed 

l i n e s )  (French  and E u g s t e r ,  1965) .  Both sets of curves i n t e r s e c t  

p r o g r e s s i v e l y  reduced s o l i d - p h a s e  b u f f e r s  ( l i g h t  s o l i d  l i n e s )  w i t h  

i n c r e a s i n g  tempera ture .  

15 .  C a l c u l a t e d  composi t ion of a g a s  phase i n  e q u i l i b r i u m  w i t h  g r a p h i t e  as 

a f u n c t i o n  of tempera ture  f o r  a system i n  which t h e  H/O r a t i o  of t h e  

g a s  phase  i s  main ta ined  a t  2/1. 

d o m i n a t e s ,  and 03 and CH are p r e s e n t  i n  approximate ly  equal  amounts. 

0 For  t e m p e r a t u r e s  below 1000 C ,  H20 

2 4 

The fo -T c u r v e  f o r  t h i s  system (heavy s o l i d  l i n e  i n  lower p a r t  of 

f i g u r e )  i n t e r s e c t s  more reduced b u f f e r s ;  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  
2 

a n  o r i g i n a l  magnetite-quartz-graphite rock should p r o g r e s s i v e l y  

d e v e l o p  f a y a l i t e ,  wllstite, and i r o n .  
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